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Co-major Professors: Steven K. Mickelson and David J. White 
The implementation of x-ray computerized tomography (CT) on agricultural soils has 
been used in this research to quantify soil physical properties to be compared with standard 
laboratory (STD) methods. The overall research objective was to more accurately quantify 
soil physical properties for long-term management systems. Two field studies were 
conducted at Iowa State University's Northeast Research and Demonstration Farm near 
Nashua, lA using two different soil management strategies. The first field study was 
conducted in 1999 using continuous com crop rotation for soil under chisel plow with no-till 
treatments. The second study was conducted in 2001 on soybean crop rotation for the same 
soil but under chisel plow and no-till practices with wheel track and no-wheel track 
compaction treatments induced by a tractor-manure wagon. In addition, saturated hydraulic 
(Ks) conductivity and the convection-dispersion (CDE) model were also applied using long-
term soil management systems only during 2001. 
The results obtained for the 1999 field study revealed no significant differences 
between treatments and laboratory methods, but significant differences were found at deeper 
depths of the soil column for tillage treatments. The results for standard laboratory procedure 
versus CT method showed significant differences at deeper depths for the chisel plow 
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treatment and at the second lower depth for no-till treatment for both laboratory methods. 
The macroporosity distribution experiment showed significant differences at the two lower 
depths between tillage practices. Bulk density and percent porosity had significant 
differences at the two lower depths of the soil column. The results obtained for the 2001 field 
study showed no significant differences between tillage practices and compaction practices 
for both laboratory methods, but significant differences between tillage practices with wheel 
track and no-wheel compaction treatments were found along the soil profile for both 
laboratory methods. The K5 measurements and CDE parameters revealed no significant 
differences between tillages and treatments. In essence, the CT method and CDE model both 
proved to be useful methods to quantify macropores and estimate solute transport parameters, 
respectively. Breakthrough curves were generated to observe the initial and final 
breakthrough of solute response along the soil matrix. 
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ABSTRACT 
The implementation of x-ray computerized tomography (CT) on agricultural soils has 
been used in this research to quantify soil physical properties to be compared with standard 
laboratory (STD) methods. The overall research objective was to more accurately quantify 
soil physical properties for long-term management systems. Two field studies were 
conducted at Iowa State University's Northeast Research and Demonstration Farm near 
Nashua, lA using two different soil management strategies. The first field study was 
conducted in 1999 using continuos com crop rotation for soil under chisel plow with no-till 
treatments. The second study was conducted in 2001 on soybean crop rotation for the same 
soil but under chisel plow and no-till practices with wheel track and no-wheel track 
compaction treatments induced by a tractor-manure wagon. In addition, saturated hydraulic 
(Ks) conductivity and the convection-dispersion (CDE) model were also applied using long-
term soil management systems only during 2001. 
The results obtained for the 1999 field study revealed no significant differences 
between treatments and laboratory methods, but significant differences were found at deeper 
depths of the soil column for tillage treatments. The results for standard laboratory procedure 
versus CT method showed significant differences at deeper depths for the chisel plow 
treatment and at the second lower depth for no-till treatment for both laboratory methods. 
The macroporosity distribution experiment showed significant differences at the two lower 
depths between tillage practices. Bulk density and percent porosity had significant 
differences at the two lower depths of the soil column. The results obtained for the 2001 field 
study showed no significant differences between tillage practices and compaction practices 
XVI 
for both laboratory methods, but significant differences between tillage practices with wheel 
track and no-wheel compaction treatments were found along the soil profile for both 
laboratory methods. The Ks measurements and CDE parameters revealed no significant 
di fferences between ti llages and treatments. In essence, the CT method and CDE model both 
proved to be useful methods to quantify macropores and estimate solute transport parameters, 
respectively. Breakthrough curves were generated to observe the initial and final 
breakthrough of so lute response along the soil matrix. 
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CHAPTERl. GENERALINTRODUCTION 
Background 
New laboratory techniques have been developed recently using x-rays to reveal 
distinctive information about various materials including soil. Following the discovery of 
x-rays in 1895 by Wilhelm Konrad Roentgen, and his first experiment published in 1896, 
many scientists have continued to conduct numerous experiments using x-rays. 
The first uses of x -rays brought forth two interesting concepts. The first was based on 
the idea that x-rays were similar to visible light or, in other words, x-rays exhibited 
wavelength and intensity. Based on this concept, x-rays did not prove to behave as light in 
the forms of diffraction, refraction, and interference. The second theory proposed that an 
x-ray is more like a particle and a wave. In 1912, William Henry and William Lawrence 
Braggs observed x-rays as electromagnetic waves that showed interference behavior when 
they collided and were diffracted by crystals. They discovered that x-rays consisted of 
wavelengths 100 times smaller than visible light. 
Since the discovery ofx-rays, the medical community began to explore the 
advantages of x-ray images by increasing the number of applications, such as radiography. 
By the early 1900s, radiologists suggested permanent improvements in image contrast. These 
improvements led to new applications in the field of medicine, such as tomography, 
mammography, ultrasound, nuclear medicine, computer-aided tomography, and magnetic 
resonance imaging (RI, 2003). 
Since discovery ofx-rays in 1895 by Roentgen, other laboratory experiments were 
developed. For instance, x-ray machines had great improvements based on the hot cathode 
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x-ray tube, that was invented by W. D. Coolidge in 1913 for the General Electric Company. 
In 1921, Potter-Bucky increased the image sharpness using grids to help move x-rays out of 
the laboratory. By the 1930s, hospitals all over the United States were using particular x-ray 
equipment. Other improvements, such as xeroradiography and automatic film processing, 
made their appearance in the 1950s. The advantage ofx-rays is that they are able to recreate 
an accurate picture of bones as well as soft tissues with great image clarity (RI, 2003). 
A major approach using x-rays was the computed tomographic scanner (CT) or 
computer axial tomography (CAT) scan. This is a detector device whose output is connected 
to a computer that replaces the photographic plate used by CAT scanners to generate 
conventional x-rays and is capable of being programmed to produce cross-sectional images. 
A higher knowledge and understanding of physics, engineering, mathematics, and computer 
sciences is required in order to produce such images. CT requires using a series of 
mathematical equations (algorithms) to reconstruct a visual image of the patient from the 
output of the detector and transmit it to a television monitor, where it can be photographed 
for later examination. 
Computer-tomography enables very small differences in x-ray absorption to be 
visualized. The algorithms calculate the absorption values of each pixel, or picture element, 
in which the resolution of the scanner, pixel thickness, and diameter vary. For instance, a 
pixel could vary from 0.25 to 0.6 millimeters in diameter and from 1 to 10 millimeters in 
thickness (Sherry, 2000). 
The most recent CT prototype apparatus was modified to be able to rotate the material 
or object around a vertical axis at the same time it revolves horizontally. Physical properties 
of undisturbed soil columns under different tillage practices and compaction treatments 
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induced by a tractor-manure wagon were evaluated using CT and were compared with 
measurements of soil physical properties obtained from standard laboratory methods. 
Literature Review 
Concerns about tillage crop production practices 
Tillage requires high energy input that can be detrimental to soil tilth conditions, 
especially when applying a series of mechanization manipulations to the topsoil. This series 
of mechanization activities can destroy crop development and plant growth, described by 
Singh (1990) as soil tilth. The word tilth has been used to describe soil and its desirability for 
crop growth. Farmers have used tractors and tillage equipment to ensure good tilth resulting 
in high crop production. For decades, farmers have tilled the soil to control weeds and 
improve the quality of seedbed, as well as incorporate organic matter into the soil, while 
maintaining aggregate strength to make soil less susceptible to erosion (Erbach et al., 1992; 
Francis and Cruse, 1983). 
Depending upon the type of tillage operation, the soil structure can be damaged by 
intense mechanization resulting in the formation of large clods in the seedbed as described by 
Erbach et al. (1992) and Hamblin (1987). However, the majority of the effects made by 
tillage operations bring benefits to the soil. Examples of potential benefits provided by tillage 
operations are: crop residues incorporated into the soil after plowing, increase of the total 
pore space of the soil, and provision of excellent seedbeds, as well as good weed control. 
Soil tilth is important in the description of crop growth desirability and it can be 
accomplished by agricultural machinery. Furthermore, tillage also affects the physical 
condition of the soil, as well as structure, soil strength, crop growth, chemical and biological 
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processes in the soil, and water movement and storage (Erbach, 1989). Bulk density, 
porosity, structure roughness, and aggregate characteristics related to water, nutrient, heat 
and air transport all describe the physical conditions of the soil. Tillage, seeding, fertilizer 
application, weeding, and harvesting interact directly with the soil by the passage of shovels, 
blades, discs, or other tools through the soil. Machine wheel traffic causes compaction, which 
occurs when soil particles are pressed together. Such compaction can affect soil porosity 
when tractors have a high axle load (Morrison, and Erbach, 1991). Soil tilth not only affects 
soil physical properties such as the bulk density and porosity, but it also affects the soil 
macropores in terms of compaction treatments. Soil compaction alters the continuity of soil 
macropores by decreasing the elongation on plant roots, as well as the movement of air and 
water along the soil profile (Hakansson and Voorhees, 1997). Macropore continuity is an 
important factor affecting hydraulic conductivity. 
Quantification of soil properties 
The quantification aspect of soil properties is important in understanding concepts 
related to preferential flow paths or macropores. Perret et al. (1998) described the process of 
preferential flow in transporting nutrients and agricultural chemicals from the surface to sub-
soil levels eventually mixing with ground water and drainage effluent into streams. The 
concept of preferential flow tells how fast solutes travel through the soil pores through the 
soil profile. 
The quantification of hydraulic properties, such as hydraulic conductivity, can 
provide useful information on how both water and air move in structure soils (Phogat and 
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Aylmore, 1996). Suitable technology in the future w ill focus on providing a better 
understanding of how so i I physical properties, such as macropores can be measured. 
Application of two different laboratory methods 
Quanti fication of soil physical properties, water and air movements, as well as 
transport of so lutes have been conducted for decades by using different types of laboratory 
methods. Standard (STD) laboratory methods and x-ray computerized tomography (CT) are 
some examples that could be used in the soil properties quantification. 
Standard laboratory methods 
Standard laboratory methods have been used for decades in many studies to 
determine air and water movement, transport of chemicals, as well as the quantification of 
soil properti es. Standard laboratory methods provide specific information of so il properties 
from samples taken from an area within a field. W ith the inf01mation obtained from the 
accurate labo ratory analyses, best management practices can be determined for the given 
field. 
Measurements re lated to classification of soi I pores parameters ca1mot be made 
directly in the fi eld . This type of standard parameter must be evaluated using direct standard 
laboratory measurements such as fluorescent polyester resin and photographing under black 
light for easy identification of soil pores, or by applying other methods, such as water 
retention and mercury intrusion to enable the identification of pore s ize distribution 
(Danielson and Sutherland, 1986). However, the previous standard laboratory methods do not 
include a teclmological v isual aid component for faster identification and quantification of 
soil pores. Instead, new laboratory methods, such as CT offer a promising nondestructi ve 
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method that is able to highl y and accurately quantify and visualize soi l pores as well as their 
distribution. 
Nondestructive laboratory methods 
Originally implemented for medical purposes, a nondestructive method called x-ray 
computerized tomography (CT) technology has been modified in recent years for analysis of 
materials such as soil, to accurately and three-dimensionally quantify soil macropores as well 
as other soi l features. CT methods also enable the analysis of materials and components of a 
test sample without disturbing the sample. By the use of x-ray tomography, a better 
description of the soil structure and macropore continuity can be obtained without disturbing 
the soil column (Jenssen and Heyerdahl, 1988). 
The CT method has been proven over many years to be a powerful tool, not only in 
soi l density distribution studies, but also to observe the flow of liqu ids through macropores 
(Prasher, 2000), and for determining soil water content of agricultural soils (Tollner, 1994). 
The CT method was used in this research project to quantify soi l macropores. The results 
were compared with the results obtained from STD methods. These results enabled the 
researcher to conclude w hich method would be more feas ible and have greater accuracy for 
determining soil macroporosity. 
Overall Research Objectives 
Two long-term studies based on continuous corn crop and soybean crop rotations 
were conducted at Nashua Research Farm, IA in the growing seasons of 1999 and 2001. The 
overall objective was to develop a technology capable of quantifying soi l physical properties. 
The specific objectives were to: 
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1. Compare soil physical properties for two laboratory methods and two tillage 
treatments using the data collected in 1999 for a continuous com crop; 
2. Compare soil physical properties for two laboratory methods and two laboratory 
methods, and for two tillage practices with wheel track and no-wheel track treatments 
using the data collected in 2001 for a soybean crop in a com/soybean rotation system; 
and 
3. Conduct hydraulic conductivity measurements and determine convection-dispersion 
model parameters using the data collected in 2001 for a soybean crop. 
Thesis Organization 
This thesis is organized into five chapters, each presented as a separate chapter. Each 
chapter was written in a format appropriate for submission for publication in technical 
journals. The first chapter provides a general introduction of the research topic, and is 
comprised of the background, literature review, overall objectives, and thesis organization. 
The second chapter describes the comparison of soil physical properties for different 
tillage treatments using x-ray computerized tomography {CT) and standard laboratory {STD) 
methods. This paper will be submitted to Transactions of the ASAE for possible publication. 
The third chapter describes the comparison of soil physical properties using x-ray 
computerized tomography (CT) and standard methods {STD) for different tillage practices 
with wheel track and no-wheel track treatments. This paper will be submitted to Transactions 
of the ASAE for possible publication. 
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The fourth chapter provides an evaluation of saturated hydraulic conductivity 
measurements and a comparison of convection-dispersion model parameters using CXTFIT 
code for the data collected in the year 2001 for the soybean crop. 
The fifth chapter provides general conclusions, recommendations, future study, and 
future work sections of the research achieved in this research. In addition, three appendices 
are included related to raw data and sample calculations from Chapter 2 to Chapter 4. 
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CHAPTER 2. COMPARISON OF SOIL PHYSICAL PROPERTIES FOR 
DIFFERENT TILLAGE PRACTICES USING X-RAY COMPUTERIZED 
TOMOGRAPHY AND STANDARD LABORATORY METHODS 
A paper to be submitted to Transactions of ASAE 
Maria Ambert Sanchez1, Steven K. Mickelson2, Syed I. Ahmed3, and Joseph N. Gray4 
Abstract 
The main objective of this research was to compare soil physical properties for soil 
samples taken from a long-term chisel plow and no-till field management site using standard 
and x-ray computer-tomography laboratory methods. Soil columns were collected for each 
soil management practice at the Iowa State University's Northeast Research and 
Demonstration Farm near Nashua, IA. Four soil columns from each chisel plow and no-till 
(NT) treatment were selected for evaluation based on consistent soil type and undisturbed 
soil conditions. The soil type selected for this study was from the Kenyon soil association. 
The Kenyon soil association consists of clay loam, deep, moderately well drained and 
moderately permeable soils. 
The results obtained from the 1999 field study revealed no significant differences 
between treatments and laboratory methods, but significant differences were found at deeper 
1Corresponding author. Maria Ambert Sanchez, Graduate Research Assistant, Iowa State University, Dept. of 
Agricultural and Biosystems Engineering, 125B Davidson Hall, Ames, lA 50011. 
2Associate Professor, Iowa State University, Dept. of Agricultural and Biosystems Engineering, 103 Davidson 
Hall, Ames, lA 50011. 
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Pos Doctorate Research Assistant, Iowa State University, Dept. of Agricultural and Biosystems Engineering 
125B Davidson Hall, Ames, lA 5001. ' 
4
Physicist, Center of Nondestructive Evaluation and Adjunct Assistant Professor, Dept. of Mechanical 
Engineering, Iowa State University, 215A Applied Sciences Complex II, Ames, lA 50011. 
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depths of the soi l column for tillage treatments. The standard laboratory procedure versus the 
CT method showed significant differences at deeper depths for chisel plow treatment and at 
the second lower depth for no-till treatment for both laboratory methods. The macroporosity 
distribution experiment showed significant differences at the two lower depths between 
tillage practices in which more variation in the number of macropores was observed for the 
chisel plow treatment versus no-till treatment. Bulk density and percent porosity 
quantification both showed significant differences at the two lower depths of the soil column 
with NT having a higher bulk density and a lower percent porosity. 
Introduction 
A field study was conducted at Iowa State University's Northeast Research and 
Demonstration Farm near Nashua, IA, to evaluate the effects of tillage practices on soil 
physical propetiies using standard and x-ray computerized tomography (a nondestructive 
evaluation technique) laboratory methods. Researchers as well as engineers from many 
disciplines have been using thi s nondestructive technique extensively to quantify material 
properties. For example, Ellingson et al. (1989) utilized x-ray CT to develop and evaluate 
high-performance structural ceramics for advanced heat engines. In addition, a number of 
laboratory tests have been conducted not only in material studies but also in agricultural field 
studies for quantifying soil physical properties, such as bulk density, porosity, or 
macroporosity, using CT method (Haynes and Naidu, 1998). 
The x-ray computerized tomography process focuses its attention in the computer 
processing of x-ray absorption or transmission data to produce an image of a cross section of 
an object (USTPO, 2001). This type of technology has been shown to be helpful in 
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understanding soil features, such as the shape and geometry of macropores, the size of 
wormhole networking, and the presence of pores at a particular region of interest (ROI) 
within a soil sample. Jegou et al. (1998) showed that the burrow density, connectivity, 
orientation and distribution in relation to variations in soil depth and soil density of three 
earthworm's species could be studied by using the CT method. Petrovic (1982) described x-
ray tomography as an effective tool for distinguishing soil features three-dimensionally, as 
well as evaluating soil management practices. In another study, conventional tillage practices 
(e.g., chisel plow) and reduced tillage practices (e.g., moldboard) were compared using CT 
techniques (Olsen and B0rresen, 1997). Images obtained from computed tomography were 
compared with images obtained form thin sections to evaluate and understand the system of 
soil macropores, and the results verified that the CT scans resolution was limited to pores 
larger than 750 J.Lm (Grevers et al. 1989). 
Computer axial tomography (CAT) scan technology has been used for many years 
with the application of full body scanners to obtain quantitative mathematic expressions, and 
material and soil properties. Nevertheless, CT scans showed great potential in the early 1980s 
in non-medical fields and for non-destructive analyses. Perret et al. (1997) used CT scans to 
characterize soil macropores in order to understand the rapid movement of water flowing 
through the soil profile. Similarly, the current research compared x-ray computerized 
tomography with standard laboratory methods to quantify soil physical properties of 
undisturbed soil columns for two tillage practices with the same soil type. 
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Objectives 
The main objective of this study was to compare the soil physical properties of soil 
samples taken from a long-term chisel plow and no-till field management site using standard 
and computer-tomography laboratory methods. 
The specific objectives were to: 
1. Determine soil physical properties (bulk density, porosity, and macroporosity) using 
standard (STD} laboratory methods for the tillage treatments at soil depths from 0-5.1 
em, 5.1-10.2 em, and 10.2-15.3 em; 
2. Compare two different laboratory methods (STD and CT) for accurately determining 
macroporosity for tillage treatments at soil depths from 0-5.1 em, 5.1-10.2 em, and 
10.2-15.3 em; 
3. Compare soil physical properties (bulk density, and porosity) measurements for 
tillage treatments using STD methods for sample soil depths from 0-5.1 em, 5.1-10.2 
em, and 10.2-15.3 em; and 
4. Quantify the macropore distribution for tillage treatments at soil depth sections from 
0-5.1 em, 5.1-10.2 em, and 10.2-15.3 em. 
Materials and Methods 
Site and soil description 
Soil columns (30.48 em long x 7.62 em in diameter) in undisturbed conditions were 
collected on June 3, 1999, after fall tillage management treatment were applied and after 
planting and germination of corn at Iowa State University's (ISU) Northeast Research and 
Demonstration Farm near Nashua, lA. This Research and Demonstration Farm was basically 
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established in 1977, and has been used to conduct water quality studies to evaluate the effects 
of chisel plow (CP) and no-till (NT) treatments. This site has mainly Kenyon-clay loam soils. 
According to a Soil Survey of Floyd County of 1995, Kenyon-clay loam soil is characterized 
by deep, moderately well-drained, and moderately permeable soils. Sixteen soil columns 
were obtained from this site during the year 1999 crop season to evaluate the effect of 
macropores on chisel plow (CP) and no-till (NT) treatments at three soil depths. 
Soil collection apparatus 
The soil sampling was accomplished by using a portable soil hammer apparatus to 
pack the 16 soil columns (see Figure 1). The portable hammer consists of an unbolted base 
(Figure 1A) and a slide arm. The removable base and the slide arm have dimensions of7.62 
em in diameter, and 76.20 em long, respectively. The removable base is able to be unbolted 
to enable the plexiglass cylinder to be placed inside the base. After the plexiglass cylinder 
was placed inside the base and attached to the base of the arm, then the slide hammer was set 
onto the soil surface and struck repeatedly until it reached a depth of30.48 em (Figure 1B). 
After the soil samples were collected, they were placed into a freezer until laboratory 
analysis was conducted. 
Soil column selection 
The selection of soil columns in this particular section consisted of choosing 
structured soils from different plot areas having good soil details. In order to obtain good soil 
details from the soil columns, a 3D-visualization program was used. As described previously, 
soil columns were collected in 1999 during a continuous corn crop rotation. 
.. -.-·~·-~- ..... --···....- ~---.. ···--·-··· 
(A) 
Figure 1 A. Portable slide hammer and 
sampling tube 
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(B) 
Figure 1 B. Sampler in the field 
In previous soil column studies, the columns had impregnated different sources of 
water sluiTy, such as resin, wax, or even plaster ofPari s. FitzPatrick et a!. (1985) and Singh 
(1989) used plaster of Paris at the edges of the soil columns to detect soil macropores. In the 
current stud y, soil columns were not covered using impregnated sources. Instead, they were 
visualized and quantified under undisturbed conditions using a 3D-visualization program 
during the first part of the CT laboratory methods used in thi s study. 
CT laboratory method 
Nondestructive teclmiques, such as x-ray computer-tomography (CT), have been used 
extensively over several decades, primarily for medical purposes. Recently, thi s method has 
also been used to study soil physical properties at certain soil depths for undisturbed soi l 
columns. In the cutTent study CT technology was used mainly to quantify soil physical 
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properties (e.g., macroporosity). This quantification of soil properties was performed in the 
x-ray room located at the Center ofNondestructive Evaluation (CNDE) in Ames, lA. 
X-ray room 
Before conducting the process of CT scan, eight of the sixteen soil columns were 
selected randomly the chisel plow (CP) and no-till {NT) samples. Figure 2 shows the x-ray 
room where the CT scanning was performed. Several components are important to this 
process. The central processing unit (CPU) component is used to store the computer 
programs (i.e., NXrVision) needed to control the CT scan analysis. The computer programs 
are used to generate cross-sectional images that are capable of quantifying macropores. The 
x-ray control panel enables one to enter parameters, such as the current and the voltage in 
order to generate cross-sectional images. The monitor sits on top of the metal frame (see 
Figure 3), which enables users to observe the interior of the chamber room as well as the soil 
column as it moves in a circular motion, or when moving up and down the circular platform 
during CT scanning. 
X-ray chamber 
The x-ray chamber is actually a room that houses the major components of the x-ray 
machine that was used to conduct the CT scans on the undisturbed soil columns. The major 
components of x-ray tomography machine used to generate the cross-sectional images of soil 
segments for CT scanning are shown in Figure 3. 
The x-ray's major components are labeled from 1 through 5. Labell indicates the 
part of the frame grabber that blocks light emitted from the chamber's lamps in the image 
intensifier through the x-ray tube (source). Label2 indicates the soil column placed on top of 
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Figure 2. Set up of the x-ray tomography room 
Figure 3. Set up in the x-ray chamber room: (1) frame grabber; (2) soil 
and circular platform; (3) shutter; (4) safety interlock; and (5) x-
ray tube 
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the circular platform, which enables it to rotate at a selected angles. In this study, 1° of 
rotation was programmed in the computer software to enable the CT scan process to 
complete 360° of projection. Label 3 depicts the shutter component that controls the desired 
depth of the image being scanned. The shutter component is controlled through a control box 
and a software interface enabling the shutter to open and close so the manipulation can be 
observed on the computer screen. Label 4 shows the area where the safety locks were located 
next to the x-ray tube. This safety lock is designed to shut down the scanning process 
immediately if the x-rays are not aligned with the red targets located on a metal frame to 
which the shutter is attached. LabelS illustrates the x-ray source (tube) where x-rays are 
projected as fan beams that will eventually penetrate the soil column at the selected soil 
depth to generate cross-sectional images from the CT scan. 
To ensure a controlled work environment within the x-ray system, there are two 
safety locks permanently located inside the x-ray room and two in the chamber room. The 
first safety lock is located at the x-ray control panel that enables automatic shut down of the 
scanning process or manually by using a key attached to the control panel. The second safety 
lock is located at the right side of the chamber door that automatically seals the door while 
the x-rays are fully engaged. The third safety lock is located in both camera lenses inside the 
chamber room; if the fan beam (or x-ray beam) is not facing directly at the two red targets of 
the frame grabber, the safety lock shuts down the scanning process immediately. The final 
safety lock is located at the right hand side of the x-ray tube to shut down the scanning 
process if the frame grabber is removed from its location. 
The x-ray tube is an IRT [Corporation] Model IXRS-320/3200 at a maximum power 
of 3200 Watts having a focal spot size of 0.12 em or 0.3 em and produces a 9° cone beam 
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angle. The image intensifier consists of an opening of approximately 2. 74 em in diameter and 
a charge-coupled device (CCD) camera, Cohu model4915 a 1.27 em image format with RS-
170 signal output. During the CT scan, the object is projected in increments of 1° over a 
rotation of360°. The voltage and current settings used as inputs in the x-ray control panel 
are 95.3 kV and 0.22 rnA, respectively. A detailed schematic of the x-ray process is provided 
in Figure 4. 
X-ray CT schematic 
The x-ray tomography procedure for generating soil cross-sectional images including 
the main x-ray system components of the x-ray computer-tomography are labeled in Figure 
4. The parts are listed from a- m. A detailed description of each part is provided in the 
definition of terms section in Appendix A. 
CT data acquisition 
The process of x-ray data acquisition via scanning is initiated by placing a copper 
filter in front of the x-ray tube (or source) to pre-filter the x-ray beam. Its purpose is to 
reduce the number of lower-energy x-rays associated with the scatter and beam-hardening 
effects (Martz et al., 1989). After the filter is placed on the source, a soil column is 
positioned on top of the circular platform. Next a transparent ruler is place at the edge of the 
soil column to measure the desired soil segment. At this time, the chamber door is closed and 
the CT scanner is turned on from the control panel. The platform is then raised to the desired 
soil segment height, which is the point at which the soil segment can be visible on the 
computer screen. During the CT scanning process, the images are generated automatically by 
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Figure 4. Schematic of the CT scan procedure setup 
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a charged couple device (CCD) camera. The images will be reconstructed later by using the 
Recon program. 
The Recon program identifies specified values of the center of rotation (COR) during 
the scanning process along the projected axis (8). Therefore, the collected data are saved 
automatically by the NXrVision program in *.sin format. In this study, 40 slices at a soil 
segment depth of 5.1 em were generated by the *.sin format. The following parameters were 
used to control the circular platform motion, as well as the shutter opening, and input into the 
NXrVision program. The bracketed numbers represent the parameters input into the 
NXrVision program. 
• Step size or degree of rotation [1] • Number of total frames [40] 
• Number of bands [ 1] • Number of slices] per section [10] 
• Number of individual slices per band [10] • Number of slices [ 40] 
Following 32 minutes of CT scanning, the soil columns were transported to the image 
analysis room for reconstruction of the 40 slices by using the Recon program. A complete 
visual schematic of the image acquisition process is provided in Figure 5. 
Reconstruction procedure 
This study considered a series of soil samples collected in field at a three soil depths 
(0-5.1, 5.1-10.2, 10.2-15.3 em). The samples were scanned using the image acquisition 
procedure and then reconstructed using several computer programs based on the 
mathematical theory of Radon transform (see Figure 5). The procedure is based on the 
principle of tomography, which is derived from the Greek word "tomos," meaning to cut or 
slice through the object to be examined (Moore, 1989). 
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Figure 5. Schematic of the image acquisition process using the CT method 
Radon establi shed the mathematical theory of tomographic reconstruction in 1917, 
which is now called the Radon transform (cited in Zhang, 2003). Radon transfom1ation 
algorithms enable one to generate two-dimensional images at specified values of center of 
rotation (COR). The COR value depends primarily on the location of the sample relative to 
the physical position of the CT scan system. 
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In this study, 83 slices equivalent to a soil depth of 15.3 em were reconstructed in the 
Recon program using COR values, with minimum and maximum values of322 and 326. To 
speed the process of reconstruction, a cluster system was used to process a large volume of 
cross-sectional images through a networking connection. This type of networking collection 
enabled the rapid reconstruction (in six minutes) of 120 cross-sectional images of 640 x 640 
pixels (equivalent to a soil depth of 30.48 em). 
CT laboratory method 
The soil physical properties quantification in this research was accomplished by using 
CT computer programs. A brief description for each of the CT programs is reported in the 
following section. 
NXrVision software 
The NXrVision program was implemented to gather cross-sectional images as well as 
COR values at specific soil depths. This software collects radiographic images, or CT data, 
that fully control the system hardware motion stages and monitors. Macro processing, system 
calibration, and image improvement are also developed in this program. 
Xpert software 
The Xpert computer program was designed to facilitate user demand for image 
handling by providing a variety of image processing tools, such as zoom-in and zoom-out. It 
also exhibits the data results as descriptive statistics (mean, average, standard deviation, etc.). 
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Recon software 
The Recon software contains non-cluster, as well as cluster programs that can be 
applied to the Radon transform algorithm to generate sinogram data files collected by the 
data acquisition software. The reconstruction program was created by Wei Y an (2000) and 
operated in Windows 95/98/2000/NT, employing the Microsoft Visual Basic C++ program to 
provide a user-friendly interface. This program performs operational functions, such as 
(COR) calculation, mapping, and normalization. The complete cluster implementation is 
described by Zhang (2003). 
3D visualization software 
The 3D software was developed by Fan Peng (200 1) and written in Microsoft Visual 
Basic C++ program. It enables the user to observe details such as macropores from cross-
sectional images. The 3D program also has the capability to visualize three-dimensional 
objects as well as distinguish details (e.g., pores, colors) found in cross-sectional images at 
specified regions of interest (ROis). This 3D program also enables the user to convert from 
ASCII (*.asc) to 3D (*.vol) format files. 
Cluster network 
The main purpose of the cluster networking connection is to constantly verify node 
status. The nodes are used to cluster images and their respective CT COR values. The 
generated images are saved in (*.vol) file format. The (*.vol) files are combined to create a 
single image (640 x 640) with a specific COR value by using the 3D yisualization program. 
In this research, after all the cross-sectional images were created, the samples were then 
reconstructed to quantify macropores by using the Recon program. 
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Standard (STD) laboratory methods 
In addition to quantifying soil physical properties as described previously, two 
standard (STD) laboratory methods and one CT laboratory method were applied in this 
research to determine air-filled porosity at different soil depths. The two STD methods were 
carefully planned in the laboratory with the main objective to saturate a soil sample then 
enable the water to drain under gravity conditions to determine the soil macroporosity. 
Computer programs previously generated by the CT method were compared to the average of 
the two laboratory standard methods to quantify the soil macroporosity. Then the results of 
these methods were analyzed and compared with the tillage treatments. 
Air-fill porosity was measured first by two standard methods. The first method was 
comprised ofwetting a soil sample 5.1 em in height saturated with water from the bottom to 
the surface of the soil. Immediately following the 24-hour wetting period, the soil sample 
was removed from the water reservoir then allowed to drain freely for 2 minutes under 
gravity conditions. The drained water (effluent) from the large pores was captured in drain 
cups. This water represented the drained pore volume, or the air-fill pore volume of the 
sample. Under drainage conditions, the equilibrium metric potential would be 0 metric 
potential at the bottom of the column and -5.1 metric potential at the top of the column. 
These two metric measurements represented the average metric potential of -2.5-cm for the 
entire soil sample. 
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The second procedure to determine the air-fill porosity of the soil sample was carried 
out by computing the total porosity of the soil as follows: 
(I) 
where PT represents the total pore volume, Pb represents the bulk density of the sample, and 
pp represents the particle density of the sample (2.65 g/cm3). The bulk density of the soil was 
determined by the soil dry mass by the total volume of the soil sample. In addition to the bulk 
density measurements, the volumetric water content (VWC) (i.e., the volume of water in the 
soil sample), was determined by multiplying the soil bulk density (pb) times the gravimetric 
water content (GWC), expressed as (Pb *GWC). The quantification of air-filled porosity (i.e., 
the volume that was filled with air, or a fraction of the volume drained from the soil sample) 
was determined by subtracting the total pore volume minus the volumetric water content 
(PT- VWC). 
The average of the two values from the two methods of data collection were averaged 
to make the best approximation of the air-filled parameters. During the initial wetting some 
air might have trapped from the pores, or the soil might have reached less than saturation 
conditions. For example, the volume of water in the soil (first procedure) might differ from a 
soil saturated in a water reservoir, or the soil may have been lifted from the water reservoir 
before it was placed over the drained cup). In addition, in the process of lifting the soil 
sample from the reservoir of water, the water might have drained from the largest pores and 
was not captured in the cup. Thus, application of only the first procedure might 
underestimate the drained porosity, whereas application of the second procedure alone (e.g., 
the sample was fully saturated from a water reservoir) might overestimate the actual drained 
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porosity. In such cases, small pores circled by water or entrapped air did not drain from the 
sample. Thus, quantification required taking a simple average of methods 1 and 2 to obtain 
the best approximation of air-filled porosity. From here on the average of the two methods 
will be shown as the STD method. 
CT macroporosity quantification 
After the samples were scanned and reconstructed, the next step was to quantify the 
soil macroporosity in undisturbed soil columns for two tillage practices (CP and NT). The 
main assumption of this study was to consider only pores larger than 1000 J..lm. A study 
conducted by Perret et al. (1999) showed that pores based on an equivalent cylindrical 
diameter greater than 1000 J..lm were classified as macropores. Likewise, this study sought to 
quantify pores of the same size by using CT technique. 
The quantification measurement of the macropores was achieved by using a simple 
analytical approach by measuring the distance across the soil, as well as the macropores, 
using the distance formula applied to cross-sectional images and described by Sullivan 
(2002): 
(2) 
where d represents the distance measured across an object (e.g., pore, soil), X1, X2, Y1, and 
Y 2 represents the coordinates of two points in space measured across the circumference of 
each macropore. The top CT cross-sectional images were neglected (slices removed) before 
performing macroporosity quantification in order to avoid the effects of air porosity encircled 
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on the cylinder walls. If all the air from the top slices were added in the quantification 
calculations, these could overestimate the values of macroporosity. 
Equation (3) relates soil macroporosity parameters to individual volume of pores and the 
total volume of pores as follow: 
v. 
% Macroporosity = ~ (1 00) 
VT 
(3) 
where Vip is the volume of individual macropores ( cm3), d is the diameter of the macropore 
(em), and h represents the CT vertical height (em). From equation (3), each individual pore 
volume was determined, with the following mathematical expression as: 
1t 2 V· = -d L lp 4 
where d represents the pore size (em), L represents the CT vertical height (em), and Vip 
represents the individual pore volume ( cm3). 
(4) 
The quantification of macropores also required determining other parameters, such as 
the pixel size, pore size, and CT vertical height as well as other possible factors. To 
understand the physical concept behind the quantified parameters, the following example is 
provided for a soil segment at a soil depth of 5.1 em. 
This study defined the size of a pixel equal to 0.0180 em/pixel. Based on the pixel 
size, the individual pore size, as well as the soil size, was determined by using Sullivan's 
approach shown in equation (1). This equation required entering the coordinates for 
measuring individual pores size [(270, 404) and (449,395)] and the coordinates for the soil 
size [(316, 105) and (316, 529)] based the size of each circumference. In addition to these 
measurements, the pore CT vertical height, which represents the thickness at which pores 
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was detected, repeatedly along the soil profile during scanning, was measured visually using 
the 3-D program. In this example, the CT vertical height appeared in !cross-sectional image 
(1 slice). Based on the previous information, the soil pixel size was determined as follows: 
. . D 7·62 em 0 0180 rn/ . I ( 'I . I . ) Ptxel SIZe = - = . C ptxe S SOl ptxe SIZe 
S 424 pixels 
(5) 
where D represents the diameter of the soil (em) and S represents the soil pixel size (em). 
The parameters of pore diameter and CT vertical height (3.25 em and 0.282 em, respectively) 
were inserted into equation (6) to enable each individual pore volume to be recognized as 1 
slice: 
Yip= 1t (3.25 cm)2 (0.282 em)= 2.98 cm3 (1 slice only) 
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The total pore volume was also determined as part of the macroporosity 
(6) 
quantification. The parameters required to ascertain the total pore volume for a soil depth of 
5.1 em were based on the soil diameter of7.62 em, the pore size of395 pixels, and the soil 
pixel size of 395 pixels. Therefore, the total pore volume at this soil depth was: 
(7) 
The summation of all individual pore volumes combined and the total pore volume 
found in this example equaled 28.9 cm3 and 283 cm3, respectively, for a soil depth of 5.1 em, 
which resulted in the percentage of macroporosity percentage: 
% M = 28.9 cm3 (100)= 10.2% (at 5.1 em depth) 
283cm3 
(8) 
A value of 10.2% macroporosity represents the amount of macropores greater than 1000 Jlm 
present at a soil depth of 5.1 em. 
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CT threshold measurements 
Threshold is defined as: "the process of defining a specific intensity level for which 
two values will be assigned to each pixel in binary processing" (Photonics Dictionary, 2003) 
allowed to measured low and high intensity levels from cross-sectional images in undisturbed 
soil columns. Both intensity levels were applied to encircle soil features (e.g. pores) into a 
specified region of interest (ROI). The intensity levels as well as the ROI were adjusted using 
the Xpert and the 3D programs. 
Low and high intensity levels were obtained by encircling a region of interest on the 
cross-sectional images. Once the ROI is specified, the value of total soil and pore volume 
was identified by reading the volume of the soil (in voxel units) directly from a histogram 
developed by the 3D program. In order to select a desired soil depth section, minimum 
(0 slices) and maximum (27 slices), z-axis values were entered into the spatial range interface 
of the 3D program. A schematic depicting three different threshold intensity levels for a soil 
depth of 5.1 em is provided in Figure 6. 
Figure 6 illustrates an example of three different threshold intensity levels for cross-
sectional images taken from the 3D visualization program for a soil depth of 5.1 em: (Figure 
6a) the low and high intensity values of 4.89 voxels and 1262.14 voxels, respectively, of the 
entire soil cross-section. A voxel is defined as a three-dimensional data image. The low 
intensity marks where the pores and macropores zone are present, while the high intensity 
level shows the area where stones and pebbles were located; (Figure 6b) a cross-sectional 
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Figure 6. Schematic illustrating three different threshold intensity levels: (a) total 
soil volume; (b) volume of pores and cracks; (c) volume of cracks using 
the 3D visualization software for sample CP-1 
image specifying the pores zone with less cracks having low and high intensity levels of 
103.19 voxels and 455.02 voxels, respectively, and (Figure 6c) a cross-sectional image 
indicating the zone of cracks with less amount of pores of low and high intensity levels of 
325.67 voxels and 455.02 voxels, respectively. 
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In addition, the computer programmer configured each soil feature by using a 
distinctive color for easy identification: pores features were navy blue; the soil core and 
cracks were yellow and light green, respectively; and stones and pebbles were red color. This 
research considered the quantification in the number of macropores using CT method at three 
soil depths (0-5.1, 5.1-10.2, and 10.2-15.3 em) for chisel plow (CP) and no-till (NT) 
treatments in order to observe the variation of pores between tillage treatments as shown in 
Figure 7. 
Macroporosity distribution 
The distribution of macropores helped to understand the concepts of fissure transport, 
pore size distribution and water flow distribution on undisturbed soil cores. In many studies, 
modem laboratory methods apply quantifying soil macroporosity to ascertain the movement 
of water through the soil profile. In this study, the quantification of soil macroporosity was 
made by using x-ray computer tomography for a soil under CP and NT tillage treatments at 
three soil depths to visualize the arrangement of large pores along the soil profile (see 
Figure 7). 
Figure 7 illustrates a soil profile diagram divided into three soil sections (0-5 .1, 
5.1-10.2, and 10.2-15.3 em) represented in two-dimensional (2D, right view) and three-
dimensional (3D, left view) images obtained from the CT scan for a soil under chisel plow 
treatment. The images are useful to visualize, identify and locate soil features such as 
macropores. For example, Figure 7a and Figure 7b (represented by the top and bottom soil 
surface at 5.1 em depth) show few pores at this depth, while Figure 7c and Figure 7d show 
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large pores at (represented by a soil depth of 10.2 em) show large pores at the top of the soil 
surface with few pores at the bottom. Sections Figure 7e and Figure 7f (represented by a soil 
depth of 15.3 em) show very small amount of pores at this section. In this study, only 
macropores larger than 1 000 J.tm were considered. 
The quantification of macropores was ascertained by using a 3D program that 
measure pore size. The coordinates of the pores were read directly from the computer screen 
and input into equation (2) to estimate the size of the pores. This program enabled 
quantifying other soil features such as cracks (Figure 8), probably made by earthworms 
Lumbricus terrestris similar to those measured by Jegou (1998), with dimensions of 1 em 
diameter and a width of 0.5 em. 
Statistical analysis 
The statistical results were obtained by using the SAS program, version 8.02 (SAS, 
2001). Analysis of variance (ANOVA) applying General Linear Model Methods (GLM) was 
used to determine significant differences between tillage practices. In addition, multiple 
comparison statements using the Bonferoni model were used to determine significances 
between tillage treatment vs. laboratory method, depth vs. laboratory method, depth vs. 
tillage treatment, soil physical property vs. treatment and depth, and macropore distribution 
vs. depth. Significance differences in all cases were evaluated at the 0.05 probability level. 
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7.62 em 
Figure 8. Example of feature measurement on a cross-sectional image from 
the CT scans 
Results 
The results of the 1999 field study for a long-tem1 tillage, continuous com crop 
conducted on plots at Iowa State University's Northeast Research Farm Nashua, lA were 
statistically analyzed using a SAS program (see Appendix A, Figure 1 OA). The purpose was 
to determine the significance between treatments, standard laboratory methods, and 
variations of macropores in the soil profile under CP and NT treatments. A schematic ofthe 
study is provided in Appendix A, Figure 11 A. Analysis of the data was performed by using 
the general linear model (GLM) procedure and Bonferoni multiple comparisons model at the 
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0.05 level of probability. The raw data for these analyses are presented in Appendix A, 
Tables 8A, 9A, lOA, and so on. 
Table 1 presents the analysis of 24 observations of the mean values of multiple 
comparisons made between STD and CT methods and CP and NT treatments. The results 
revealed no significant differences between tillages for percent macroporosity. 
Table 2 depicts the analysis of 8 observations of the mean values of percent 
macroporosity comparing two laboratory (STD and CT) methods and two tillage (CP and 
NT) treatments at three soil depths. The results showed that no significant differences 
between tillages at each depth for either laboratory method. A macroporosity study using CT 
method conducted by Perret et al. (1997) for an uncultivated field for no-till treatment 
revealed a value of macroporosity of 7% for undisturbed soil columns of 15 em long. In 
contrast, the percent macroporosity obtained using the CT method in the current research was 
approximately 5.9% for soil columns of approximately 15.3 em long. However, in study by 
Vermeul et al. (1993), the values of bulk density for both chisel plow and no-till treatments 
were 8% and 0.3%, respectively, whereas the values obtained in the current research for the 
same treatments were 10% and 8%, respectively. 
Table 3 provides the analysis of24 observations of the mean values based on general 
linear model methods between tillage treatments and laboratory methods. The results showed 
no significant differences between laboratory methods for the CP, but significant differences 
(p = 0.07) for NT treatment. 
Table 4 reports 8 observations for mean values of percent macroporosity based on 
multiple comparisons between two laboratory methods and two tillage treatments at three soil 
depths. The results showed significant differences (p = 0.08, p = 0.002) for CP tillage 
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treatment and NT for percent macroporosity at the two lower depths for both laboratory 
methods. 
Table 5 depicts 8 observations using multiple comparisons for mean values of the 
number of macropores applying the CT method between two tillage treatments at three soil 
depths. The results revealed significant differences (p = 0.02, and p = 0.07) between tillages 
at the two lower depths. 
Figure 8 illustrates the results of pore distribution experiment using the CT method. 
In this research more variation in the number of macropores count was observed at the soil 
surface depth for the chisel plow tillage treatment than for the no-till tillage treatment. 
Table 6 presents 8 observations analyzed for mean values of bulk density by using 
multiple comparisons between tillages at three soil depths applying standard methods only. 
The results showed significant differences (p = 0.06, p = 0.0004) at the two lower depths 
between tillage treatments for packed soil cores ranging from 1.3-1.5 g/cm3• These results 
were similar to those reported by Anderson, Peyton and Gantzer (1990), with values ofbulk 
density ranging from 1.11-1.38 g/cm3. In a study conducted by Mukhtar et al. (1985), the 
value of bulk density for both chisel plow and no-till treatments ranged from 1.1 g/cm3 to 
1.15 g/cm3, while the values obtained in the current research for bulk density ranged from 
1.1 g/cm3 to 1.4 g/cm3• 
Table 7 reports 8 observations of mean values of percent porosity using multiple 
comparisons between two tillage treatments analyzed at three soil depth applying standard 
methods only. The results showed significant differences between tillages at the two lower 
depths. In a study conducted by Vermeul et al. (1993), the percent porosity for chisel plow 
and no-till treatments were 55% and 50.2%, respectively, obtained at soil depths from 4.5cm 
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to 12.0cm. The porosity values in the current research for chisel plow and no-till treatments 
were 48o/o and 60% at the two lower depths of the soil columns. 
Discussion 
The results conducted at Iowa State University's Northeast Research and 
Demonstration Farm near Nashua, lA, were analyzed for a long-term tillage study (1977-
1999) on continuous com crop rotation. Soil cores from two tillage treatments (CP and NT) 
were collected for which the soil physical properties were analyzed by laboratory methods 
(STD and CT). Statistical analysis was also used to determine significant differences between 
tillages and STD laboratory methods. In addition, a small experiment was conducted using 
CT method to determine the number of macropores to observe variations along the soil 
profile. 
The results from showed that, even though the STD and CT laboratory methods were 
different, similar results were obtained by using multiple comparisons. This indicates that 
both methods can be used to quantify soil macroporosity at different soil depths for soils 
under chisel plow and no-till treatments. A higher percent of soil macroporosity at the first 
soil depth segment was probably due to higher biological activity caused by earthworms or 
root growth before the soil samples were collected. These results could also be due to the 
chisel blade when cutting the first 20.3 em of soil, which might have added more pores into 
the subsurface. 
The results comparing tillage treatments and laboratory methods, indicate that the 
methodology was not the same for both CT and STD when quantifying the value of percent 
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macroporosity for the no-till tillage treatment. On the other hand both methods could be used 
to quantify the macroporosity percentage for a soil under chisel plow treatment. 
The comparison between standard laboratory methods (STD) and CT method 
indicated that the methodologies were different at the two lower depths. Despite the 
differences in methodologies, STD showed a tendency to overestimate the values of soil 
macroporosity, which indicates that STD had better approximation of the values for percent 
macroporosity than the CT method along the soil profile. It is recommended that more 
replications should be conducted to verify the outcomes of this study. 
From the comparisons made for tillage (CP and NT) treatments for the number of 
macropores counted using the CT method analyzed at the three soil depths, it can be 
concluded that more variation in the number of pores larger than 1 OOOJ.Lm were found for 
chisel plow treatment at the top soil surface. On the other hand, the number of macropores 
for the no-till treatment showed less variation at deeper depths. In essence, this research 
showed that the CT method was an effective method to count the number of pores and 
visualize the distribution of pores along the soil profile. 
The bulk density results comparing tillage treatments revealed that density tends to 
increase with depth with NT having a significantly higher bulk density 
The results for percent porosity comparing tillage treatments revealed a higher 
percentage of pores at the first soil depth segment for tillage treatments. It was also observed 
that there is a tendency for pores to decrease with depth. It appears that at the top soil surface, 
the chisel blade adds more pores to the soil, which might be due to intense biological activity 
or root growth existing from prior soil sampling. 
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Conclusions 
The following conclusions were drawn for continuous corn crop rotation to quantify 
soil physical properties using two different laboratory methods for a soil under chisel plow 
and no-till treatments considering also three soil depth segments: 
1. The comparison of CT or STD laboratory methods revealed that both CT and STD 
can be useful methods to quantify soil macroporosity. 
2. The comparison between tillage treatments at each depth showed no significant 
differences for either laboratory method. 
3. The comparison between tillage treatments and standard laboratory methods revealed 
no significant differences for the no-till treatment whereas significant differences 
were found for chisel plow treatment. 
4. The comparison between tillage treatments for both standard laboratory methods 
indicated significant differences at deeper depths for chisel tillage treatment. 
Significant differences were also observed at the middle soil depth segment for no-till 
treatment for both laboratory methods. 
5. The comparison between tillage treatments in the experiment of number of 
macropores quantified by using the CT method revealed significant differences at the 
lower depths between tillages. In addition, more variation in the number of 
macropores was observed for the chisel plow tillage treatment versus the no-till 
treatment. 
6. The comparison between soil physical properties such as bulk density and porosity 
revealed significant differences at the lower depths between tillages. It was observed 
that bulk density increases with depth, while porosity decreases with depth. In 
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addition, higher values of bulk density were detected at deeper depths, whereas higher 
values of porosity were found at the top depth segment of the soil column. 
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Table 1. Mean percentage of macroporosity for two tillage 
practices and STD and CT laboratory methods 
o/o Macroporosity [a] 
STD lb1 CT 
CP 9.81a[c] (3.61)t CP 8.00a ( 4.93) 
NT 8.39a (2.71) NT 5.87a (3. 79) 
[aJ Means for methods and tillages are combined (n = 24) 
[bJ Laboratory methods: STD = standard, CT = x-ray computer-tomography 
[cJ Means within the same column and row with different letter designations are significantly 
different (p < 0.05) 
t Standard deviations of tillage treatments CP and NT using STD and CT methods 
Table 2. Mean percentage of macroporosity for two tillage practices and 
two laboratory methods analyzed at three soil depths 
% Macroporosity (a] 
Depth, em STD [bJ 
0-5.1 CP [cJ 13.1a [d] (4.65) t CP 
NT 9.81a (0.829) NT 
5.1-10.2 CP 8.34a (1. 75) CP 
NT 7.11a (0.909) NT 
___ ... _._ ....... -..................... _. ______ ... 
..................... _ ... _. ................ -................. 
.................. -............................ ___ .. ______ 
................................................... _ ....... 
10.2-15.3 CP 7 .95a (0.959) CP 
NT 8.26a ( 4.52) NT 
[aJ Means for tillages and methods are both combined (n =8) 
[bJ Laboratory methods: STD = standard, and CT = x-ray computer-tomography 
STD = based on the Average between methods 1 and 2 
Procedure I = sample saturated then oven dried at I 05°C 
Procedure 2 = sample saturated then drained for 1 hr 
(c) Tillage practices: CP = chisel plow, NT= no-till compared with tillages 
CT 
12.8a (4.78) 
10.1a (3.33) 
5.87a (3.85) 
3.87a (0.844) 
-------·---·-·-·-·-·-·-·-·--·----· 
5.34a (2.27) 
3.64a (2.26) 
ldJ Means within the same column for each depth with different letter designations are significantly 
different (p < 0.05) 
t Standard deviations of tillage treatments CP and NT using STD and CT methods 
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Table 3. Mean percentage of macroporosity determined by two 
standard laboratory methods and two tillage treatments 
% Macroporosity laJ 
Methods [b] CP [c] NT 
STD 9.77a LdJ (3.59) 8.39a (2.71) 
CT 8.00a (4.92) 5 .87b (3. 79) 
[aJ Means of methods and tillages are combined (n = 24) 
[bJ Laboratory methods: Average = average value between methods 1 and 2 
Procedure 1 = sample saturated then oven dried at I 05°C 
Procedure 2 = sample saturated then drained for I hr 
(c) CP =chisel plow, NT= no-till 
[dJ Means within the same column for each depth with different letter designations are 
significantly different (p < 0.05) 
t Standard deviations of tillage treatments CP and NT using STD and CT methods 
Table 4. Mean percentage of macroporosity determined for two laboratory 
methods and two tillage practices at three soil depths 
o/o Macroporosity [a] 
Depth, em CP (b] 
0-5.1 STD [c] 13.01a [d] (5.69) t 
CT 12.8a (4.76) 
5.1-10.2 STD 8.34a (1.75) 
CT 5.87a (3.85) 
10.2-15.3 STD 7.9la (0.959) 
CT 5.34b (2.27) 
[aJ Means for methods and depths are combined (n = 8) 
(bJ Tillage practices: CP = chisel plow, NT = no-till 
[cJ Laboratory methods: Average = average between methods I & 2 
NT 
STD 9.76a (0.829) 
CT 10.1a (3.32) 
STD 7.07a (0.909) 
CT 3.87b (0.844) 
STD 8.22a ( 4.52) 
CT 3.64a (2.26) 
(dJ Means within the same column for each depth with different letter designations are significantly different 
(p < 0.05) 
t Standard deviations of tillage treatments CP and NT using STD and CT methods 
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Table 5. Means of the number of macropores counts using 
CT method for two tillage practices analyzed at the three 
depths 
Depth, em Macropores (#) [aJ 
0-5. 1 CP lbJ 
NT 
5.1-10.2 CP 
NT 
10.2-15.3 CP 
NT 
l•J Means for tillages and depths arc combined (n = 8) 
lbJ Tillage practices: CP = chisel plow, NT = no-ti ll 
5.25 a [c] (2.99) t 
4.75a (2.87) 
4.25a (1.50) 
7.25b (1.26) 
5.25a (1.50) 
3.50b (0.577) 
[cJ Means within the same column for each depth with different letter designations are 
significantly di fferent (p < 0.05). 
t Standard deviat ions of ti llage treatments CP and NT using CT method 
CP NT 
NT 
NT 
0 +--'-----'-
5.1 10.2 15.3 
Depth from soil surface (em) 
Figure 9. Means of the number of macropores counts using CT 
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Table 6. Means of bulk density for three sample depths 
and two tillage practices using STD methods 
Depth, em Bulk Density, g/cm3 [a] 
0-5.1 CP [b] 1.11a [c] (0.158) t 
NT 1.12a (0.034) 
5.1-10.2 CP 1.26a (0.049) 
NT 1.33b (0.026) 
10.2-15.3 CP 1.29a (0.022) 
NT 1.38b (0.008) 
[a] Means for tillages and depths are combined (n=8) 
[b) Tillage treatments: CP = chisel plow, NT = no-till 
[c) Means within the same column for each depth with different letter designations 
are significantly different (p < 0.05). 
t Standard deviations of tillage treatments CP and NT using STD methods 
Table 7. Means of percent porosity for three sample depths 
and two tillage practices using STD methods 
Depth, em % Porosity [a] 
0-5.1 CP [bJ 
NT 
5.1-10.2 CP 
NT 
10.2-15.3 CP 
NT 
[a) Means of tillages and depths are combined (n = 8) 
[bJ Tillage practices: CP = chisel plow, NT= no-till 
59.9a [c] (5.97) t 
57.9a (1.27) 
52.3a (1.87) 
49.9b (0.978) 
51.2a (0.832) 
48.1 b (0.326) 
(c) Means within the same column for each depth with different letter designations 
are significantly different (p < 0.05) 
t Standard deviations of tillage treatments CP and NT using STD methods 
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CHAPTER 3. COMPARISON OF SOIL PHYSICAL PROPERTIES USING X-RAY 
COMPUTERIZED TOMOGRAPHY AND STANDARD METHODS FOR 
DIFFERENT TILLAGE PRACTICES AND COMPACTION TREATMENTS 
A paper to be submitted to the Transactions of ASAE 
Maria Ambert Sanchez1, Steven K. Mickelson2, Syed I. Ahmed3, Joseph N. Gray4 
Abstract 
The main objective of this study was to compare soil physical properties using 
computer tomography (CT) and standard (STD) laboratory methods for soil management of 
chisel plow (CP) and no-till {NT) practices under compaction wheel track (WT) and no 
wheel track {NWT) treatments performed by a tractor-manure wagon. Soil columns were 
collected for each practice and treatment at Iowa State University (ISU) Northeast Research 
and Demonstration Farm near Nashua, Iowa. Eight soil columns from each CP and NT 
practice with WT and NWT treatments were evaluated based on soil type and sampled in 
undisturbed conditions. The soil type was from the Kenyon soil association. The results of 
this study showed significant differences between laboratory (STD and CT) methods in all 
soil managements. The bulk density property measurements showed significant differences 
at soil depths from 5.1-10.2 em for CP and NT tillages and WT and NWT treatments of 1.26 
g/cm3 and 1.42 g/cm3, respectively. The percent porosity indicated significant differences at 
soil depths from 5.1-10.3 em of 52.3% and 46.7% for WT and NWT treatments, 
respectively. The 52.3% porosity value for the WT treatment may be due to disturbance of 
the soil profile by the WT under dry conditions, while the value of 46.7% porosity for the 
48 
NWT treatment may be due to biological activity or plant root formation before the soil 
sampling. 
Introduction 
For many years, farmers have faced crop production difficulties related to soil 
conservation management, especially when dealing with soil tilth deterioration. The 
National Soil Tilth Center (NTSC, 1978) cited deterioration related to problems such as 
unstable crop yields, soil erosion, pollution of water resources (e.g., streams), decrease in 
organic matter, and problems of tillage and planting. Part of the soil deterioration was also 
caused by compaction (poor tilth), the force of raindrops, and heavy machinery. "Soil 
compaction can alter the root environment positively or negatively, depending on soil 
physical properties and weather conditions" (Brown et al., 1987, p. 41 ). Previous research 
examined compaction in combination with hydrostatic confining pressure (Bailey, Johnson, 
and Schafer, 1984), or by applying vibratory devices commonly used in construction sites, 
such as rollers or sheep-foot devices (Taylor, 1984). This research project compared soil 
physical properties of soil management under chisel plow and no-till practices, and 
compaction treatments induced by the wheels of a manure tractor wagon for a com crop in a 
long-term com/soybean rotation. x-ray tomography (CT) was used to scan soil columns 
collected on November 8, 2001 (before tillage and after the harvest season) at Iowa State 
University's Northeastern Research and Demonstration Farm near Nashua. 
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Results from previous studies have shown that chisel plow tillage causes changes in 
soil surface roughness, soil bulk density, soil aggregate size distribution, and distribution of 
plant residue on the soil surface and in the soil profile (Erbach and Cruse, 1981 ). On the 
other hand, Kaspar (1996) conducted a study based on residue and compaction management 
in a no-till practice and concluded that no-till reduces erosion from soils, improves water 
conservation, and decreases labor and machinery requirements. 
This study compared standard laboratory (STD) and CT methods for bulk density 
and percent porosity physical properties at three soil depths. It also compared laboratory 
(STD and CT) methods used to observe differences between tillage (CP and NT) practices 
and compaction (WT and NWT) treatments combined. 
Objectives 
The main objective of this study was to compare soil physical properties for a soil 
under tillage practices and compaction treatments (performed by a tractor-manure wagon) 
by using computer-tomography (CT) and standard (STD) laboratory methods for analysis. 
The specific objectives were to: 
1. Compare the soil physical properties for soil samples taken from a long-term chisel 
plow (CP) and no-till (NT) practices, and wheel track (WT) and no-wheel track 
(NWT) treatments using CT and STD laboratory methods at three soil depths; 
2. Quantify the macropore distribution of soil samples taken from long-term CP and NT 
treatments using STD methods at three soil depths; and 
3. Compare the bulk density and percent porosity of soil samples taken from long-term 
CP and NT treatments using STD methods at three soil depths 
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Materials and Method 
This section m describes the field site, field equipment and procedures, soil column 
selection, soil compaction process, macropore quantification and macropore distribution 
procedures, and the analysis. This study is a continuation of the study discussed in Chapter 
2, and verifies the STD and CT methods used in different soil management treatments. 
Field site 
The fieldwork was conducted at the Iowa State University (ISU) Northeast Research 
and Demonstration Farm, near Nashua, lA. Eight soil samples were collected, with 4 soil 
samples selected as chisel plow (CP) and 4 soil samples selected as no-till (NT) practices. 
Two soil samples were classified as wheel (WT) track compaction and two soil samples 
were classified as no-wheel (NWT) track compaction treatments. 
The soil selected for this soil arrangement is shown in Figure 1. The soil type was 
Kenyon soil, the same soil type used in Chapter 2. The samples were taken after the 
harvesting com and before tilling to prepare for the next year's crop of soybeans. The 
arrows indicate trace marks made by the tractor-manure wagon. The main purpose for using 
the tractor-manure wagon was to generate a compaction effect from the tractor's front and 
rear axles on each of the selected plots. The area labeled WT (wheel track) shows where the 
tractor wheels passed back and forth four times, while the area labeled NWT (no-wheel 
track) shows where the tractor wheel paths did not make contact with the soil. The tractor 
front and rear axles weighed 1,551 kg and 5,697 kg, respectively, while the manure wagon 
front and rear axles weighed 6,749kg and 6,768 kg, respectively. 
Field equipment 
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Figure 1. A no-till (NT) plot with wheel track (WT) 
and no-wheel track (NWT) treatments 
The soil sampling was accomplished by using a portable soil hammer apparatus to 
collect the 16 soil columns (see Figure 2). The portable hammer consists of an unbolted base 
and a s lide am1. The removable base and the slide arm have dimensions of7.62 em in 
diameter, and 76.20 em long, respectively. The removable base is able to be unbolted to 
enable the plexiglass cylinder to be placed inside the base. After the plexiglass cyl inder was 
placed inside the base and attached to the base of the arm, then the sl ide hammer was set 
onto the soil surface and struck repeated ly until it reached a depth of 30.48 em. After the soil 
samples were collected, they were placed into a freezer until laboratory analysis was 
conducted. 
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Figure 2. The slide hammer sampler used for soil sampling 
Compaction procedure 
Soil compaction results from an increase in the size and weight of farm implements 
(Karlen et al., 1990; Voorhees et al., 1978; Voorhees, 1983). The results of compaction can 
cause the reduction of pore space between soil particles, increased bulk density (weight of 
solids per unit volume of soi l) by pressures (weight per unit area) exerted by field machinery 
or animals (USDA NSSC, 1996). This study considered compaction treatments caused by 
field machinery. A tractor and two-axle trailer load was used to create the compaction effect. 
Figure 3 shows the trailer tractor-wagon used to induce the compaction effect for a 
soil under CP and NT practices during soybean crop rotation. The compaction effect was 
made by fil ling the wagon completely with manure and attaching it to the tractor. To 
determine the amount of pressure applied on the soil , it was assumed that the pressure 
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Figure 3. Tractor-manure wagon set up used during the crop 
rotation season of 2001 
induced by the front tractor tires was the same pressure applied to the soil. In other words, 
the pressure exerted on each one of the asymmetric tractor tires and the soil pressure was 
138 kN/m2. The pressure induced on each symmetric manure-wagon tire, as well on the soil, 
was about 241 kN/m2. 
A schematic of the plot arrangement of the area where the WT and NWT compaction 
treatments were collected in an undisturbed condition is shown in Figure 4. The darker 
areas represent where the tractor-manure wagon tires never passed onto the area, while the 
lighter area represents where the tractor tires passed moving four times back and forth. The 
soil was relatively dry. 
6 
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Figure 4. Plot design for compaction treatments at Nashua Farm (no scale) 
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The study area (58.0 m x 67. 1 m) consists of lighter sample areas labeled A, B, and 
C on the wheel h·ack rep licates, and a darker area labeled A, B, C fo r the no-wheel track 
replicates (Figure 4). 
The soi l sampling procedure consisted of the following: 
• Measured a distance of 16.8 m from the borderline of the plot; 
• Selected an area with compaction effect (labeled A); 
• Selected the non-compaction area crossways from the compaction area; 
• Placed a plexiglass cylinder and inserted it inside the removable metal cylinder to 
collect the soil samples. 
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• Placed the portable hammer vertically down or until the metal cylinder faced the soil 
surface; 
• Repeatedly struck the portable hammer until the cylinder was submerged beneath the 
ground; 
• Shoveled the surroundings of the WT and NWT compacted areas for easy removal of 
the cylinder; and 
• Moved the cylinder sideways to pull it out from the soil. 
Figure 5 shows a soil core being obtained from the field from an NT practice at the 
study area. The estimated time for the hammer slide to be inserted into the ground was 
approximately 1 minute to 2 minutes per sample. 
Figure 6 shows a no-till practice core obtained by the slide hammer to a 0.31 m 
depth. The soil sample core was ready to be removed from the subsurface. After all the soil 
column samples were collected, they were immediately transported and placed in a freezer 
housed at the CNDE laboratory for further CT scanning and STD laboratory analysis. 
Soil column selection 
The soil column sample selection was made by observing and selecting those soils 
with great soil features, such as large pores, by using visualization software described in 
Chapter 2. Eight soil samples were selected and labeled as follows: 
• Chisel plow (CP) practice and no-tillage {NT) practice 
• Compaction treatment (WT) and no-wheel treatment {NWT) 
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Figure 5. Soil core being obtained from the field using the 
slide hammer 
Figure 6. No-till (NT) soil core ready for removal from the 
soil profile 
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Macroporosity quantification 
Quantification techniques provide valuable information regarding measurements of 
physical properties of the soil. The physical property that concerns most soil experts is 
macroporosity, or large pores within the soil profile. The use of the reconstruction technique 
enables one to quantify visually any size of a soil's physical properties, such as 
macroporosity. Only sizes larger than 1000 J.tm were considered in this experiment. The 
reconstruction was achieved by analysis using soils under CP and WT, chisel plow with no-
wheel (CP-NWT) compaction, no-till with wheel-track (NT-WT) compaction, and no-till 
with no wheel track (NT- NWT) compaction. 
Macropore count using CT methodology 
Macropore quantification and distribution were analyzed to determine how pores 
vary along the soil profile at different depths (0-5.1, 5.1-10.2, and 10.2-15.3 em). The same 
approach for counting macropores employing CT method was discussed in Chapter 2. To 
observe the effect of macropore distribution, factors such as tillage practices, compaction 
treatments, and depths were considered. A detailed plot showing the average macroporosity 
count for different tillages, treatments, depths and sampling area are provided in Figures 7 
and8. 
Statistical Analysis 
Statistical analysis was performed using SAS version 8.02 (SAS, 2001). Analysis of 
variance (ANOV A) with General Linear Model Methods (GLM) as used to determine 
significant differences among practices and treatments. Thus, multiple comparison 
statements were used to determine significance between tillage practices for given 
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laboratory methods, compaction treatments for given laboratory methods, depth variance for 
given laboratory methods, and percent macroporosity count for given laboratory procedures, 
practices, and treatments. In all cases significance differences were evaluated at the 0.05 
probability level. 
Results 
The impact of factors, such as tillage practices (CP and NT), compaction treatments 
(WT and NWT), soil physical properties (bulk density, porosity, macroporosity), and 
laboratory methods (CT and STD) were observed from 0-5.1 em, 5.1-10.2 em, and 10.2-15.3 
em depths. The statistical significant differences of the outcomes for each of the factors are 
explained in detail in this section. 
Twenty-four observations were made to determine the mean values of percent 
macroporosity comparing two laboratory {STD and CT) methods with two tillage (CP and 
NT) practices (Table 1 ). The results showed that tillage practices had no significant 
differences (p = 0.86, p = 0.87) between percent macroporosity for tillages for either 
laboratory method. 
Twenty-four observations were made to determine the mean values of percent 
macroporosity comparing STD and CT laboratory methods with compaction (WT and 
NWT) treatments (Table 2). The results showed no significant differences (p =0.28, 
p = 0.88) for either method. 
Eight observations were made to determine the mean values of percent 
macroporosity determined from multiple comparison models between tillage (CP and NT) 
practices and two laboratory methods {STD and CT) (Table 3). The results revealed that the 
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STD laboratory method showed significantly higher values (p = 0.08) at the soil depth from 
5.1-10.2 em. 
Eight observations were made to determine the mean values of percent 
macroporosity from the multiple comparisons model between compaction (WT and NWT) 
treatments and two laboratory methods (STD and CT) (Table 4). The results revealed that 
the STD laboratory method showed significant differences in percent macroporosity 
(p = 0.01) at a soil depth from 5.1-10.2 em. 
Eight observations were made to determine the mean values for STD and CT 
methods (Table 5). Significant differences (p = 0.02, p = 0.00, p = 0.03) were found for both 
STD and CT, and the WT treatment at the two lower depths, but no significant differences 
were found for the NWT treatment. 
The results of eight observations to determine the means of the macropore count at 
three soil depths using multiple comparisons between tillages and combined treatments are 
shown in Table 6. No significant differences were found between tillage and treatments at 
any depth. 
Eight observations were made using multiple comparisons between tillage practices 
and compaction treatments at three soil depths to determine bulk density (Table 7). The 
results of these comparisons showed a significant difference (p = 0.01) at a soil depth from 
5.1-10.2 em for WT and NWT treatments combined. 
Eight observations were made to determine the mean values of percent porosity 
using multiple comparisons between tillage practices and compaction treatments at three 
depths (Table 8). In this comparison, significant differences (p = 0.01) were found at a soil 
depth from 5.1-10.2 em with a combination ofWT and NWT compaction treatments. 
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Figure 7 illustrates the mean values of the number of macropore counts determined 
by using x-ray computerized tomography (CT) at three soil depths when combining tillage 
(CP and NT) practices with soil depths and compaction {WT and NWT) treatments also with 
soil depths. The results revealed no significant differences between tillage practices and 
compaction treatments. In addition, more variation was observed for no-till practices with 
wheel track and no-wheel treatments. 
Discussion 
The results of a field experiment conducted at the Iowa State University Research 
and Demonstration Farm at Nashua, IA based on a one year rotation were analyzed by using 
statistical analyses to quantify soil physical properties obtained by using standard laboratory 
methods and CT method. As shown in Table 1 and 2 for both CP and NT practices with WT 
and NWT treatments, it can be concluded that either of the laboratory methods (STD and 
CT) can be used to quantify percent macroporosity. A study conducted by Olsen et al. 
(1997) using CT method measuring soil physical properties in undisturbed soil cores at 15 
em depth using moldboard ploughing, a tillage equipment that reduces tillage, found less 
than 10% percent macroporosity for undisturbed soil with no-till treatment applied to the 
soil, while in this research the same depth revealed a percent macroporosity of 4.74%. 
When comparing the STD and CT methods for CP and NT tillage practices, it was 
observed that STD method overestimates the values of percent macroporosity. In addition, 
the second lower depth for CP practices showed a smaller value than NT possibly due to 
equipment removing pores from the soil. Another possibility could be that some pores were 
removed from the soil during sampling when the till blade was passing through the soil. 
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The STD method overestimates the values of percent macroporosity when combining 
wheel track compaction treatments versus CT method when comparing WT and NWT 
treatments. It was observed at the second lower depth from 10.2-15.3 em that CT method 
had lower value of percent porosity for no-wheel track treatment versus wheel track 
treatment. This indicates that more pores were found in wheel track treatment due to till 
blade adding more pores to the soil or by the slide hammer during soil sampling. Also, the 
increase in porosity could be due to biological activity taking place at the middle depth of 
the soil column by earthworms or also by root growth. A study conducted by Brais (2001) 
determining the persistence of soil compaction and effects on seeding, the value obtained for 
soil percent macroporosity for a soil under wheel track was between 5-14 % at a soil depth 
segment from 10-15 em, while in this research the same type of treatment and soil segment 
was approximately 7.28 % of macroporosity present at this particular soil segment using 
STD methods. 
The STD laboratory method overestimates the values of percent macroporosity for 
both WT and NWT for STD method at the three depths and CT method at the second lower 
depth of the soil column. It was observed in this study more variation for WT treatment 
along the soil profile than for NWT that only showed differences at the middle segment of 
the soil column. 
The experiment based on the number of macropores showed no significant 
differences between any of the tillage practices and wheel track compaction treatments. 
However, more variation was observed for no-till with wheel track and no-wheel track 
treatments. This indicates that more pores were found at lower depths of the soil column for 
a soil never tilled. CT method aimed to visualize pore distribution along the soil profile. 
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The bulk density showed significant differences at the second lower depth of the soil 
column. It was observed that no-wheel track treatment had higher of bulk density than the 
wheel track treatment, and also that bulk density had the tendency to increase with depth. 
This means that fewer pores were destroyed during soil sampling. The value of bulk density 
obtained by Brais (200 1) at a soil depth from 10-15 em for a soil under wheel track 
treatment was approximately 1.39 g/cm3. In this research, the value ofbulk density for a soil 
under wheel track treatment was approximately 1.3 7 g /cm3• 
Percent porosity revealed higher values for wheel track than no-wheel track 
treatment. Possible explanations for these differences could be that CP had larger pores in 
this section or even larger cracks made by earthworms or plant root growth. Another 
observation was that percent porosity decreases with depth along the soil profile. In a study 
of soil compaction induced by small-wheeled tractors, Ruxin et al. (1999) obtained a percent 
porosity of 50% for a soil depth segment from 0-10 em, and 52.3% for the same soil depth 
under wheel track compaction treatment. 
Summary 
A long-term study was conducted at Iowa State University Research Farm in 2001 
during the soybean rotation season. The findings may help farmers understand problems 
regarding soil conservation management and the effect of different tillages with compaction 
treatments on soil physical properties, such as bulk density and porosity. The soil columns 
collected were taken from plots selected randomly for this study. 
Tillage practices and compaction treatments made by a tractor-manure wagon did not 
cause significant effects on the soil structure. Similarly, laboratory methods (STD and CT) 
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showed no differences when comparing tillages and treatments as well as a combination of 
both. However, differences in the mid soil layer were found when comparing the STD and 
CT methods for no-wheel track, and when combining chisel plow with wheel track at the 
first 10.2 em. For no-till-no-wheel track, significant differences where found along the entire 
soil profile. Tillages and treatments when compared with the STD and CT methods had 
significant differences only at the mid soil layer ( 5.1-1 0.~ em). When bulk density and 
porosity were compared to tillages and treatments, no differences were found when 
combining these practices together. 
It is recommended to increase the number of replicates to verify the outcomes 
obtained for soil physical properties. This study verified previous studies that showed CT is 
a very useful tool to observe and quantify soil macroporosity for a soil under chisel plow 
and no-till practices, with wheel track and no-wheel track treatment applications. 
Conclusions 
The following conclusions regarding combinations between tillage and treatment 
practices, laboratory methods, and laboratory methods, were made based on the outcomes of 
this study: 
1. No significant differences in percent macroporosity between tillage practices and 
WT and NWT for the two laboratory methods were found when comparing STD and 
CT laboratory methods. 
2. When comparing STD and CT laboratory methods and CP and NT tillage practices, 
significant differences in percent macroporosity were found only at the second lower 
depth, between tillages for the CT method. 
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3. When comparing STD and CT laboratory methods, and WT and NWT treatments 
significant differences in percent macroporosity were found only at the second lower 
depth, between WT and NWT along the soil profile. 
4. When comparing tillage practices with wheel track and no-wheel track treatments no 
significant differences in the number of macropores were found for tillage practices 
and track compaction treatments at all three depths. In addition, more variation was 
observed for no-till treatments with wheel track and no-wheel track treatments. 
5. When comparing CP and NT practices with wheel track and no-wheel track for both 
bulk density and percent porosity, significant differences were found at the second 
lower depth between tillages and compaction treatments. 
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Table 1. Mean percentage macroporosity comparing two laboratory 
methods and two tillage practices 
CP [cJ 
NT 
0/o Macroporosity [aJ 
STD [bJ 
7.91a [d) (1.77)t 
8.03a (1.59) 
CP 
NT 
CT 
6.24a (4.35) 
5.98a 3.48) 
[aJ Means for STD and CT methods and tiJiages are both combined (n = 24) 
[bJ Laboratory methods: STD = standard, CT = x-ray computer-tomography 
[cJ Tillage practices: CP =chisel plow, NT= no-till 
[dJ Means within the same column with different letter designation are significantly different (p<O.OS) 
t Standard deviations of tillage practices CP and NT using STD and CT methods 
Table 2. Mean percentage macroporosity comparing two laboratory 
methods and two compaction treatments 
% Macroporosity [a) 
STD [bJ 
WT [c) 8.34a [d) (1.93) 
NWT 7.60a (1.29) 
WT 
NWT 
CT 
5.99a (2.65) 
6.23a ( 4.90) 
(aJ Means for STD & CT methods and compaction treatments are both combined (n = 24) 
[bJ Laboratory methods: STD = standard, CT = x-ray computer-tomography 
[c) Compaction treatments: WT = wheel track, NWT = no-wheel track 
(dJ Means within the same column with different letter designation are significantly different 
(p<O.OS) 
t Standard deviations of compaction treatments WT and NWT using STD and CT methods 
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Table 3. Mean percentage macroporosity comparing two laboratory 
methods and two tillage practices at three sample depths 
% Macroporosity [a] 
Depth, em STD lbl CT 
0-5.1 CP (cl 8.56a [d) (0.555) t CP 10.34a (4.94) 
NT 8.77a (2.12) NT 6.78a (4.71) 
5.1-10.2 CP 8.42a (2.30) CP 2.94a (1.36) 
NT 8.28a (1.03) NT 6.38b (3.00) 
10.2-15.3 CP 6.75a (1.79) CP 5.46a (2.34) 
NT 7.04a (1.29) NT 4.77a (3.19) 
(a] Means for STD & CT methods and tillages are both combined (n = 8) 
£bJ Laboratory methods: STD = standard, CT = x-ray computer-tomography 
(c) Compaction treatments: WT = wheel track, NWT = no-wheel track 
[d) Means within the same column with different letter designation are significantly different 
(p<O.OS) 
t Standard deviations of tillage practices CP and NT using STD and CT methods at three soil depths 
Table 4. Mean percentage macroporosity comparing two laboratory 
methods and two compaction treatments at three sample depths 
o/o Macroporosity [a] 
Depth, em STD lbJ CT 
0-5.1 WT(c) 9.09a [d) (1.12) t WT 6.30a (2.48) 
NWT 8.24a (1.76) NWT 10.83a (5.93) 
5.1-10.2 WT 9.50a (1.32) WT 6.18a (3.19) 
NWT 7.20b (1.05) NWT 3.13a (5.77) 
10.2-15.3 WT 6.43a (1.82) WT 5.48a (3.00) 
NWT 7.37a (1.02) NWT 4. 74a (2.57) 
(aJ Means for STD & CT methods and treatments are both combined (n = 8) 
[bJ Laboratory methods: STD = standard, CT = x-ray computer-tomography 
(c) Compaction treatments: WT = wheel track, NWT = no-wheel track 
(d) Means within the same column with different letter designation are significantly different 
(p<O.OS) 
t Standard deviations of tillage treatments WT and NWT using STD and CT methods at three soil depths 
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Table 5. Mean percentage macroporosity comparing two compaction 
treatments and two laboratory methods at three sample depths 
0/o Macroporosity (a] 
Depth, em WT£bl NWT 
0-5.1 STD (cl 9.09a [d] (1.12)t STD 
CT 5.64b (2.48) CT 
5.1-10.2 STD 9.50a (1.32) STD 
CT 4.34b (3.19) CT 
10.2-15.3 STD 6.43a (1.82) STD 
CT 3.06b (3.00) CT 
[aJ Means for treatments and STD & CT methods are both combined (n = 8) 
[bJ Compaction treatments: WT = wheel track, NWT = no=wheel track 
[cJ STD of methods 1 and 2, CT =x-ray computer-tomography 
Procedure 1 = sample saturated then oven dried for 24 hrs 
Procedure 2 =sample saturated then drained using a 5.1 em tension 
(dJ Means within the same column with different letter designation are significantly 
t Standard deviations of STD and CT methods for three soil depths 
8.24a 
11.49a 
7.20a 
4.97a 
7.37a 
7.17a 
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Table 6. Mean of number of macropores count comparing two tillage 
practices and two compaction treatments at three soil depths 
Depth., em Number of Macropores Count(#) [a] 
0-5.1 CP-WTlbJ 5.00 £cl (O.OO)t 
CP-NWT 4.00a (2.83) 
NT-WT 3.00a (1.41) 
NT-NWT 5.00a (2.83) 
5.1-10.2 CP-WT 5.00a (2.83) 
CP-NWT 3.50a (2.12) 
NT-WT 8.00a (1.41) 
NT-NWT 5.50a (3.54) 
10.2-15.3 CP-WT 5.50a (3.54) 
CP-NWT 3.50a (2.12) 
NT-WT 7.00a (4.24) 
NT-NWT 1l.Oa (1.41) 
[a] Means of tillages-treatments are both combined (n = 8) 
[b) Tillages-treatments: CP-WT =chisel plow-wheel track, CP-NWT =chisel plow-no-wheel track, 
NT-WT = no-till-wheel track, NT-NWT= no-till-no-wheel track 
(c) Means within the same column with different letter designation are significantly different 
(p<O.OS) 
t Standard deviations practices and treatments combined for the number of macropores 
analyzed for three soil depths 
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Table 7. Mean bulk density comparing two tillage practices and two compaction 
treatments at three soil depths 
Depth, em Bulk Density, glcm3 [a] 
0-5.1 cp[b] 1.20a [c] (0.0759) t WT 1.17a (0.0264) 
NT 1.21a (0.149) NWT 1.24a (0.154) 
5.1-10.2 CP 1.31a (0.121) WT 1.26a (0.0550) 
NT 1.37a (0.074) NWT 1.42b (0.0619) 
10.2-15.3 CP 1.38a (0.0350) WT 1.37a (0.0356) 
NT 1.40a (0.0613) NWT 1.41a (0.0529) 
[aJ Means for tillages and treatments are both combined (n = 8) 
[bJ Tillage practices: CP = chisel plow, NT= no-till; compaction treatments: WT= wheel track, NWT = no-wheel track 
[cJ Means within the same column with different letter designation are significantly different (p<O.OS) 
t Standard deviations practices and treatments for bulk density analyzed at three soil depths 
Table 8. Mean percent porosity comparing two tillage practices and two compaction 
treatments at three soil depths 
Depth, em 0/o Porosity [a] 
0-5.1 cp[b] 54.7a [c] (2.92)t WT 56.0a (0.994) 
54.4a (5.66) NWT 53.1a (5.84) 
5.1-10.2 CP 50.6a ( 4.50) WT 52.3a (2.11) 
NT 48.4a (2.67) NWT 46.7b (2.33) 
10.2-15.3 CP 47.8a (1.22) WT 48.3a (1.26) 
NT 47.3a (2.23) NWT 46.8a (1.89) 
[aJ Means for each tillages and treatments are both combined (n = 8) 
[bJ Tillage practices: CP = chisel plow, NT= no-till; compaction treatments: WT= wheel track, NWT = no-wheel track 
[cJ Means within the same column with different letter designation are significantly different (p<O.OS) 
t Standard deviations practices and treatments for percent porosity analyzed at three soil depths 
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CHAPTER 4. COMPARISON OF SATURATED HYDRAULIC CONDUCTIVITY 
MEASUREMENTS AND CONVECTION-DISPERSION MODEL PARAMETERS 
USING DIFFERENT TILLAGE PRACTICES AND COMPACTION TREATMENTS 
Abstract 
The main objective of this research was to compare saturated hydraulic conductivity 
measurements and convection-dispersion (CDE) model parameters from long-term tillage 
practices (CP and NT) and compaction treatments (WT and NWT) for soil management. Soil 
columns selected from 2001 for each of the soil management practices for soybean crop 
rotation were used in this study. 
The results obtained from the saturated the hydraulic conductivity (Ks) test showed 
no significant differences between tillage practices (CP and NT), but significant differences 
were found between compaction treatments (WT and NWT). When applying the convection-
dispersion model (CDE), no significant differences were found for both tillage practices and 
compaction treatments. The comparison made for each of the CDE model parameters for 
both tillage practices (CP and NT) and compaction treatments (WT and NWT) revealed no 
significant differences. 
It is recommended to increase the number of replicates to verify the outcomes of the 
Ks test and CDE model parameters. In addition, the saturated hydraulic conductivity (Ks) as 
well as the convection-dispersion (CDE) model should be automated and a system built that 
can control soil columns arranged in rows or columns for faster data collection and analysis. 
Both the Ks test and CDE model were determined to be useful tools tot to understand the 
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hydraulic measurements for a particular soil under undisturbed conditions for a best fit of the 
observed data with fewer parameters to input into the model. 
Introduction 
For many years, agricultural soils have faced problems due to movement of industrial 
chemicals through the soil matrix, making them somewhat unavailable for plant uptake, 
which threaten the quality of underground tillage systems. Chemicals travel through the soil 
matrix at certain speeds, causing problems such as groundwater contamination. Solutions 
transport models can be applied to observe the movement of chemicals through porous media 
in the soil. 
Soil scientists recommend implementing undisturbed soil columns to gain a better 
understanding of the movement of solutes when applying transport models, such as the 
convection-dispersion (CDE) model. Vanderborght et al. (2000) employed solute transport 
models to describe transport behavior based on soil type, scale of transport, and the flow rate. 
In the case of homogeneous and repacked soils, most commonly used to describe the 
convection-dispersion (CDE) model, it is useful to describe advection velocities as a 
diffusion process at microscopic scales. For soils with heterogeneous conditions, the CDE 
model can result in an incomplete lateral mixing of the solution initially applied in 
combination with the tracer solution across a macroscopic scale. 
The convection-dispersion (CDE) model is generally regarded as one of the most 
effective nonequilibrium models (V anderborght, 2000). It can be classified as either a 
physical mechanism or as chemical mechanism. The physical mechanism occurs when 
different sizes of macropores appear to have a great impact in the effluent flow of the soil 
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column. This is typical on structured soils, while the chemical mechanism occurs during the 
presence of time-dependent sorption or exchange reactions. The CDE model provides also 
reasonable and accurate description of nonreactive solute transport, primarily for uniformly 
packed and saturated laboratory soil columns rather than unsaturated laboratory soil columns. 
In addition to the CDE model, this research considered a study based on saturated hydraulic 
conductivity (Ks) for different tillages and compaction treatments, such as those induced by 
tractor-manure wagon wheel track machinery. 
This study considered only the convection-dispersion (CDE) model analysis because 
it has few parameters to input into the model. It expected that the Ks test and CDE model are 
found to be useful tools to compare with both tillage practices and compaction treatments. 
Theory 
Solution transport model 
CDE model 
The CDE model is based mainly on analytical solutions and is a useful model to 
determine solute transport from observed concentrations. With this model, the trend of solute 
transport movement through the soil column at certain rate can be observed graphically. In 
other words, plots of breakthrough curves can be plotted to examine the effects of 
preferential water flow on tracer transport (Bouma, 1981 ). As a result, the breakthrough 
curves generated using the convection-dispersion (CDE) model in this research are presented 
graphically to observe solute miscible displacement assuming nonequilibrium conditions. 
Skaggs et al. (2002) reported that breakthrough curves break through to the left of relative 
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pore volume (RPV) equal to 1, which appear to be similar to the ones presented in Figures 1 
and 2, where nonequilibrium conditions were assumed as well. According to Walker and 
Trudgill (1983), "classical hydrodynamic dispersion theory predicts that the curve should 
pass through RPV = 1.0 and RC = 0.5" points. 
The following general one-dimensional formulation is used commonly to determine 
the solute transport parameters from the convection-dispersion (CDE) model are: 
ooc =~(eo ac) _avec 
at az az az 
(1) 
where Cis the solute concentration (M/L3), Dis the dispersion coefficient (L2/T), and vis the 
STD solute velocity (L/ T). The D, v and 8 parameters are also functions oft and z. In the 
case of steady-state conditions and a uniform soil profile, the parameters ofD,v and 8 are 
constants; therefore, equation (1) is reduced as follow: 
(2) 
Van Genuchten and Wierenga (2000) applied the analytical solution expressed in 
equation (2) to compute the dispersion coefficient (D) parameter. Actually, parameters such 
as, dispersion-coefficient (D) retardation coefficient (R), mobile water coefficient (p), and 
the mass exchange coefficient (a) can be also used with CXTFIT program. The CXTFIT 
program was modified and updated by Torride, Leij, and Genuchten (1995). The 
modification consisted of computing values of prior solute transport parameters using the 
nonlinear least-squares parameter optimization method. For example, another way to express 
equation (2) is by assuming a steady water flow in a homogeneous soil profile. In other 
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words, if volumetric water content (8), and volumetric fluid flux density (q) are constants in 
time and space, then equation (2) is: 
ac a2c ac R-=D---v-
at az2 az (3) 
where R represents the retardation coefficient, D is the dispersion coefficient, v is the pore 
water velocity, C represents the volume-STD solute concentration, tis time, and z is the 
distance. Equation (3) is mainly used to estimate transport parameters from laboratory 
displacement experiments. From the same equation (3), the retardation factor (R) can be 
compute as follows: 
R= 1 + pk 
e 
where p represents the soil bulk density, k is the distribution coefficient, which for 
(4) 
nonsurbing solutes the value ofk becomes zero, or no interaction between chemical and the 
soil is taking place. Then R reduces to one; therefore, no sorbing of solutes is taking place in 
the soil; and 8 represents the volumetric water content. As Singh (1989) pointed out from 
Genuchten and Wierenga (1986), the retardation factor (R) parameter becomes less than one 
only when a fraction of the liquid phase has some contribution during the transport process. 
This happens when a portion of the soil water is not accessible to the solute (or anion 
exclusion). 
At this point, a series of analytical solutions for both semi-infinite and finite systems 
were tabulated by Van Genuchten and Wierenga (1986) from equation (3), based on several 
boundary conditions fitting the observed values of the breakthrough curve data and by 
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changing the values ofR and Dusing least square procedure for relative effluent 
concentration as follows: 
1 [ RL-vt ] 1 (vL) [ RL+vt ] Ce (t) = -erfc 112 +-exp - erfc 112 2 2(DRt) 2 D 2(DRt) 
(5) 
where Ce represents the relative effluent concentration, R is the retardation factor, Lis the 
columns length, v is the pore water velocity, D is the dispersion coefficient, t is the time of 
solute transport to breakthrough, and erfc represents the complementary error functions [ erfc 
= 1-erf or erf(-X) = -erf(X)]. 
However, the analytical solution expression to determine the relative concentration 
(c) is expressed as follows: 
[C(x, t)- Ci] 
C(x t) = ---=--
' (Co-Ci) 
where c is the relative concentration as a function of distance and time, Co is the applied 
(6) 
solution, and Ci is the initial concentration, in which both Co and Ci are assumed constant. In 
this research the term relative concentration will be expressed as RC. 
The analytical solutions expressed for equations (5) and (6) were modified based on 
the following boundary and initial conditions: 
c(x, 0) = 0 (7) 
Equation [7] is the case when soils initially contain no solute. 
C (0, t) =Co (8) 
A concentration-type input boundary condition (8) is used, assuming that the concentration 
itself can be specified at the inlet boundary. 
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ac 
ax (L,t) = 0 (9) 
A frequently used boundary condition shown in equation (9) and derived by Brenner 
(1962) describes the volume-STDd concentrations inside the column. At x = L there is a zero 
concentration gradient, which it also defines the flux concentration at the lower boundary. 
For semi-finite systems in the field, boundary conditions are specified for C(x, t). 
When x-+ oo, then the analytical solution for such a boundary is: 
ac 
-(oo, t) = 0 
Ox 
(10) 
The analytical solution for boundary condition (1 0) evaluates volumetric-STDd, in 
situ or resident concentrations in semi-infinite field profiles. After examining each of the 
boundary conditions for the convection-dispersion equation (CDE), the theory related to 
saturated hydraulic conductivity will be discussed. 
Saturated hydraulic conductivity (Ks) 
The saturated hydraulic conductivity (Ks) test was applied to eight soil columns of 
uniform cross-sectional areas, where the resulting flux of water was measured by using 
Darcy's equation well described by Klute and Dirksen (1986) and employed in his 
experiment to measured the flux of water as 
(11) 
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where V is the volume of water flowing through the soil column, L is the soil sample length, 
A is the cross-sectional area, t is the time of flow to pass through the porous medium, and 
(H2 - H 1) is the hydraulic head difference imposed across the soil column. The main 
assumption in the saturated hydraulic conductivity test is that water flows vertically along the 
soil column. 
This research focuses solely on the effect of soil physical properties, such as 
macroporosity and how it impacts tillage practices and treatments for the same soil. The data 
set from 2001 was used to compare tillage practices and compaction treatments for different 
depths. 
Objectives 
The main objectives of this study were to compare hydraulic properties and the 
convection-dispersion model (CDE) for each CDE parameter with two tillage practices and 
two compaction treatments using soil columns taken in 2001. 
The specific objectives of this study were to: 
1. Compare soil samples taken from a long-term field study for chisel plow and no-till 
practices with wheel track and no-wheel track treatments performing saturated 
hydraulic conductivity; 
2. Compare solute transport parameters for soil samples taken from long-term field 
study for chisel plow and no-till practices with wheel track and no-wheel track using 
convection-dispersion model; and 
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3. Generate breakthrough curves at high solution of0.02M and to observe the shape of 
the curves and solutes behavior along the soil profile for CP and NT tillage practices 
and WT and NWT compaction treatments. 
Materials and Methods 
Breakthrough curves and the saturated hydraulic conductivity test 
The solute transport process by using the convection-dispersion (CDE) model in 
undisturbed soils was used in this research to describe chemical solute movement along the 
soil profile of eight soil columns to determine if the CDE model could fit the observed data 
collected in 2001 for soybean crop rotation. The collected data performed with the CDE 
model consisting of 8 soil columns, in which for each soil management, 4 soil columns were 
classified as chisel plow (CP) practice and 4 soil samples were no-till (NT) practice, where 2 
of the soil columns were classified as wheel tractor (WT) compaction and no-wheel (NWT) 
track treatments. 
With the data collected for soybean rotation during 2001, breakthrough curves were 
performed using solute transport methods described afterward in this thesis. The general idea 
on how both the saturated hydraulic conductivity (Ks) test and the generation of breakthrough 
curves (BCs) were made by using the set up implemented in this research (Figure 1). 
To perform saturated the hydraulic conductivity (Ks) test, using the setup shown in 
Figure 1, a tracer solution of 0.05M of CaCh was poured into the glass jar, with a capacity of 
approximately 5 liters, and placed on top of a bench. The jar has a rubber lid that is 
perforated with an electrical screwdriver to insert the pipette in a hole of about 1 em in 
diameter to remove the air created inside the jar to the atmosphere. In order to feed the soil 
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Jar Bottle 
CaCh O.OOSM or 0.02M 
Hose 
Water Head 
<I> 7.62-cm 
Soil 
x 30.48-cm 
Outflow~~ 
Carton cup 0 0 0 
Pipette 
Bench 
/ 
Wooden platform 
I 
Cup 
Scale 
Figure 1. Standard hydraulic conductivity (Ks) test and solute transport 
(BC) measurement set up 
column with the prepared solution, a hose line was connected to the outlet of the glass jar 
such that it moves the solutes into the columns. The soil columns were positioned on a hole 
drilled on the wooden platform to allow flow was collected into a carton cup and weighed 
using a laboratory scale with+/- 0.001 precision. The same procedure was used to generate 
breakthrough curves (BCs) immediately after the saturated hydraulic conductivity test (Ks) 
was completed. A concentration of CaCh 0.02M described as the tracer was prepared to 
generate the breakthrough curves (BCs). 
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Laboratory soil column preparation 
Soil columns were prepared to generate breakthrough curves. In order to collect the 
effluent flow from soil columns, a hole of about 0.94 em in diameter (or 9.4 mm) was drilled 
on each of the lids of the soil columns. Approximately 8 pieces of cheesecloth of 7.62 em in 
diameter were inserted at the bottom of the lid to prevent soil from fall off and to avoid 
unstable flow at the outflow of the column. After all the lids were prepared, all the soil 
columns were assigned an identification number (e.g., CPl WT) according the type of soil 
management such as, the chisel plow practice (CP), replicate number (1 ), and the label (WT), 
which indicate wheel track compaction treatment induced by the tractor-manure wagon. 
Once all the samples were properly prepared, a perforated wooden platform with holes of 
approximately 7. 7 em in diameter placed on the top of the laboratory bench was used to place 
all the soil columns. After the samples were placed on each hole of the wooden platform, the 
next step was to apply a tracer solution of CaCh to generate the breakthrough curves such as 
the ones shown in Figures 2 and 3. 
Ks and BCs solution preparation 
After all the soil columns were set on the top of the wooden platform, a tracer 
solution ofCaCh (calcium chloride) of0.02 M was prepared in order to generate the 
breakthrough curves. The final mixed solution was poured inside a 2-liter glass bottle. A hose 
and a pipette tube were attached at the outflow cork and at the influent cork from the jar 
bottle. In order to pass the hose and pipette tube through the cork, a hole of about 0.94 em in 
diameter was drilled to allow flow in the hose to move from the bottle to the soil column 
allowing the pipette to remove all the air from the jar to create steady state conditions along 
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the soil column during the tracer application. The amount of CaCh (grams) was measured 
directly from the laboratory scale. Two jar bottles of 2 liter capacity each were used to store 
0.02 M and 0.005 M solution concentrations. In this part of the experiment, a total of25 
carton cups (numbered from 1-25) were placed under the wooden platform to collect the 
volume of the solution that passed through the soil matrix. Once this process was complete, 
the outflow volume for each carton cup was weighed and reported on a spreadsheet. 
Electro conductivity (EC) measurements 
Electro conductivity (EC), or the "conductivity of electricity through water or an 
extract of soil, is commonly used to estimate the soluble salt content in solution" (Glossary), 
was used in this experiment to estimate the initial salt content of the soil, which was 
eventually to compute the relative concentration (RC) at 0.1 relative pore volume (RPV) for 
a solution of CaCh at 0.02M concentration for a soil with soil managements of (CP and NT) 
and (WT and NWT). 
By measuring the value electro conductivity, it was observed from the electron 
conductivity meter if the initial measurement read from the cups exceeds 1.0 J.unlcm. If the 
reading was greater than 1.0 J .. unlcm, the solution was diluted until the value ofEC was 
between 0-1.0 J.tmlcm. These readings were necessary for calibration of the electro 
conductivity purposes only. The higher concentration (tracer solution) was applied to 
generate breakthrough curves (BC), while the lowest concentration [background solution] 
was applied to perform hydraulic conductivity (Ks) under saturation conditions. 
85 
Saturated hydraulic conductivity (Ks) test 
There are two major important hydraulic properties; one is the hydraulic conductivity 
property, and the second is the soil water characteristic property. This study focused solely 
on the saturated hydraulic conductivity (Ks) property. This property, established by Henry 
Darcy of Paris in 1856 for vertical saturated flow, mainly describes the movement of water 
through saturated porous media. The general governing equation for vertical saturated 
hydraulic conductivity is shown in equation 1. 
Before performing the saturated hydraulic conductivity (Ks) test, steady-state 
conditions were established in order to determine the sampling time (Ts) in which water and 
solution comes to equilibrium. The basic information obtained from the steady state test was 
the change in mass rate (.M1 //l.T), change in flow rate {dQ/dT), the flux (q), and the 
sampling time {T5). 
After a steady state was reached, the sampling time was immediately estimated to 
distinguish exactly the time at which water and solution attained equilibrium. It was observed 
that the solution passing through the soil matrix came to equilibrium at the end of the test by 
looking at the last points of such figure (see Appendix C, Figure 3C). For soil sample CP 1, 
this particular soil column took approximately 280 seconds (4 hrs: 40 mn) to reach 
equilibrium. To perform Ks test, a solution of CaCb with a background concentration of 
O.OOSM was applied to the soil, and checked every minute until it reach steady state 
conditions. The time measured at every minute was taken with a stop/start hand watch, and 
the effluent flow from the soil column, on the other hand, was taken from a S-liter jar bottle. 
The change in head was kept constant for each of the soil columns analyzed in this 
experiment. 
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The reason for using a lower concentration of0.005M in a solution ofCaCh was to 
establish steady flow and steady state conditions. Also, such low concentration was important 
to use in Darcy's equation to determine saturated hydraulic conductivity (K5). In order to use 
Darcy's equation, the initial conditions have to be established before to generate 
breakthrough curves. It was established prior the performances of this experiment to use a 
solution of CaCh with a background concentration of 0.005M. The background (or low) 
concentration ,when measured with the electro conductivity (EC) meter, showed a small 
reading from the EC meter eventually applied to the soil columns. 
Breakthrough curves (BCs) 
Breakthrough curves (BC's) are an indication of how solute transport moves through the soil 
profile. To determine such movement of solutes, analytical solutions such as convection-
dispersion (CDE) model could be used to determine model parameters and to best fit the 
observed data obtained from the laboratory. This study considered to generate breakthrough 
curves by using the data collected in the year 2001 for a soil under chisel plow (CP) and no-
till (NT) and wheel (WT) track and no-wheel (NWT) track treatments at three soil depths. 
Once the steady state and Ks tests were complete, soil columns were allowed to drain, 
but holding a sink depth of about 1 em to 2 em of the background concentration to avoid the 
column to dried completely and to allow the tracer (or higher) concentration of 0.02M to be 
poured immediately into the columns to begin then the generation ofBCs. 
The motive for using higher concentration to perform BC's is to be able to measure 
electrical conductivity at the effluent flow. Therefore, such tracer solution ofCaCh 0.02M 
has higher electrical conductivity (EC) than the electrical conductivity measured from the 
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background solution ofCaCh 0.005M. It was established at the beginning of the experiment 
to test breakthrough curves at a higher concentration of 0.02M. However, Anderson et al. 
(1992) chose to use a solution ofCaCh of0.055 M concentration to prevent dispersion ofthe 
aggregates. The purpose for using a solution of CaCh was to help to preserve soil structure 
and to keep the soil column intact during the flow experiment. In the case of CaCh solution, 
it was quite soluble compared to CaS04, which also allowed controlling the high 
concentration solution well. 
Prior to generate breakthrough curves in this study, a number of parameters were 
estimate. For example, cumulative flow (Qc), actual electro conductivity (ECa), relative pore 
volume (RPV), and relative concentration (RC) were the parameters required to generate 
BCs. 
The sampling time procedure for collecting effluent flow was followed the same 
fashion as Ks test. Figure 4 on Appendix C shows an example calculation on how the slope 
from BCs plot and 0.5 RPV were obtained. The results and discussion section regarding 
breakthrough curves (BCs) and saturated hydraulic conductivity (Ks) are discussed in the 
next section. In addition, Table 1 shows how the CDE parameters the dispersion coefficient 
(D), retardation coefficient (R), pore fluid velocity (V), and the dispersivity (D) were fit and 
fix using the convection-dispersion (CDE) model. 
88 
Table 1. The CDE parameters showing the initial conditions for cases 1 and 2 
Convection-Dispersion Equation (C D E) 
Case 1 l*J Case2 
Fixed values Fit values Fixed Values Fit Values 
v, fJ [t] D,R V,R,fJ D 
*Case 1 was the selected as the best fit when using CDE model. 
ltJ D = dispersion coefficient, R = retardation factor, V = pore fluid velocity, y = dispersivity 
Table 1 provides two different cases applied into the CDE model to investigate which 
of these cases best fit and fix the observed data. For instance, V represents the STD pore 
fluid velocity, D represents the dispersion coefficient, R represents the retardation 
coefficient, where in the case when R is < 1.0, solutes are moving in all the pores, and when 
R is> 1.0, solutes are moving in some of the macropores. The (3 parameter represents the 
water mobile coefficient, which indicates the fraction of the retardation occurring in the 
dynamic region of the soil. The Jli and JL2 parameters represent the degradation coefficient for 
phase 1 and phase2, where these coefficients are detennine independently. 
Breakthrough curves showed in Figures 2and 3 in this chapter, were capable of 
defining the shape ofBCs and behavior of solutes moving along the soil profile. The 
correlation between relative concentration (RC) and relative pore volume (RPV) was graphed 
in order to observe how structured soils behave when chemicals react with water in the soil. 
Therefore, the values graphed in Figure 2 and Figure 3 for relative concentration (RC) was 
based on the STD relative concentration rather than using relative concentrations values of 
the entire process. Example calculations of raw data for steady state measurements and BC 
parameters used into the CDE model (CXTFIT) can be found in Appendix B. Appendix C 
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provides example calculations of soil physical properties laboratory methods and saturated 
hydraulic conductivity and CDE model. 
Results 
The results of two tillage practices (chisel plow and no-till) as well as two 
compaction treatments (WT and NWT) were compared using standard (STD) laboratory 
methods. The collected data were analyzed using SAS (8.02 Version) to observe significance 
differences between practices and treatments. The results conducted in this study were 
analyzed by using the general linear model (GLM) procedure, least squares means (LSM), 
and Bonferoni multiple comparison analysis between practices and treatments at a equal to 
0.05 probability level. 
Eight observations of saturated hydraulic conductivity (Ks) measurements, as 
illustrated in Table 1, showed no significant differences between tillage practices (p = 0.21 ), 
but significant differences were found between wheel track compaction treatments (p = 0.03). 
It was observed that the value of Ks for no-wheel track treatment was much lower than the 
wheel-track treatment. 
The results for 8 numbers of observations comparing the CDE model with two tillage 
practices (CP and NT) had no significant differences (p = 0.40, p = 0.95, p = 0.89, p = 0.38) 
between CDE parameters using CXTFIT code for tillage practices (see Table 2). The results 
of the mean values for 8 observations, shown in Table 3, revealed no significant differences 
(p = 0.22, p = 0.54, p = 0.49, p = 0.21) using the CDE model (CXTFIT code) when 
comparing wheel track compaction treatments and CDE parameters. 
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Discussion 
The results shown in Table 2 indicate that either tillage practice could be useful to 
predict saturated hydraulic conductivity {K5). The NT practice had higher value of 16.2 
crnlhr when compare with 13.3 cm/hr for CP practice. It was expected to observe a quick 
movement of solutes for a soil never been disturbed with agricultural machinery. However, 
higher value of wheel track (WT) treatment was observed. A possible explanation could be 
that the soil in this particular zone has some natural compaction condition prior to the 
sampling collection, or another possible explanation could be that during the sampling 
collection, the portable slide hammer packed the soil too much from the beginning to the end 
of the experiment, which allow slow movement of solutes along the soil profile. In a study 
conducted by Walker and Trudgill (1983) based on solute transport parameters for flow in 
soils obtained a value ofKs for undisturbed columns of 12.0 em in depth, while this research 
determined values ofKs for CP, NT, WT, and NWT of 13.3 cmlhr, 16.2 crnlhr, 17.8 cm/hr, 
and 11.6 ern/hr. 
The means of each of the CDE model parameters reported in Table 2 showed no 
significant different when comparing both CP and NT practices. The no-till (NT) practice 
showed higher value of dispersion coefficient (D), which means that solutes spread faster in 
preferential flow channels [macropores] along the soil matrix due to higher soil structure. 
The mean values of retardation factor (R) showed no significant differences between 
tillage practices (CP and NT), indicating that for values ofR < 1.0, solutes participates in the 
transport process in all pores (Genuchten and Wierenga, 1986). In the case of pore velocity 
(V), there were no significant differences found for both tillage practices (CP and NT), which 
indicates that solutes travel in both tillage practices at the same fluid velocity for both 
91 
practices due to the presence of large pores. The means of dispersivity parameter showed no 
significant differences between both tillage (CP and NT) practices. Typical values of 
dispersivity ranging from 0.5 to 2cm for packed soil columns and 5 to 20 em for in field 
measurements (Skaggs and Leij, 2002). However, the value for NT practice was higher than 
the CP practice; this could be due that NT practice has better structure than CP practice. The 
values obtained in this study of 24.7 em and 46.7 em for both CP and NT practices was 
higher than the typical values, which means that the NT practice has large pore size 
distribution along the soil matrix than the CP practice. V anderborght et al. (2000) showed 
values of dispersivity of 16.1 em under steady-state conditions for a loam association soil. In 
this research the dispersivity parameter value for CP, NT, WT, and NWT was 24.7 em, 46.7 
em, 50.9 em, and 20.6 em. 
The mean values reported in Table 4 for CDE parameters comparing (WT and NWT) 
treatments using CDE model, it revealed no significant differences in each one of the model 
parameters. However, the values ofD, R, V, andy were higher for WT treatment than NWT. 
These values could indicate that under WT treatment, the soil possibly large pores were 
located in some sections of the soil due to biological activity or plant root growth, or simply 
large spaces created during the sampling. 
Figure 1 shows the experimental and best fit results obtained of from the convection-
dispersion equation (CDE) model for a soil under chisel plow practices (CP) and compaction 
(WT and NWT) treatments achieved by using a tractor-manure wagon machinery. This 
figure suggested that the solution applied to each one of the soil columns had an early 
breakthrough [displacement] of solutes to the left for a value of relative pore volume (RPV) 
equals to 1.0 (zone of small pores). At the end of the solute transport process (zone of large 
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pores) solutes were displaced somewhat at relative pore volume (RPV) greater than 2.00 
forming a long tail typical on structure soils indicating that water [solution] was slowly 
released within soil pores (Walker and Trudgill, 1983). The water or solution release 
depends on the pores connectivity at the dead-end stage of the breakthrough curve. 
Figure 3 shows both breakthrough curve (BC) graphical results for a soil combined 
with no-till practice (NT) and compaction {WT and NWT) treatments. The BCs shown in this 
figure indicates early breakthrough at the left ofRPV equals to 1.0. No-till practices showed 
similar behavior in early breakthrough in comparison with chisel plow practice, except that 
the RC value tends to reach higher values ofRC than CP practice. 
In essence, the BCs for both tillage practices with compaction treatments were made 
under nonequilibrium and steady state conditions. The results indicate that tillage (CP and 
NT) practices with compaction (WT and NWT) treatments showed that NT-WT had good 
pore size distribution or good pore connectivity and faster solutes spread along the soil 
profile. 
Summary 
A long-term study was conducted at ISU Research and Demonstration Farm, near lA 
to observe the effect of tillage (CP and NT) practices with compaction (WT and NWT) 
treatments by applying vertical saturated hydraulic conductivity (Ks) test and convection-
dispersion (CDE) model using the data collected in the year 2001. A background solution of 
O.OOSM and a tracer solution of and 0.02M CaCh was applied to conduct Ks test and for the 
generation ofBCs. The electro conductivity effluent flow volume as well as the background 
and tracer were measured for each of the soil columns for calibration purposes. In addition, 
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solute transport movement was observed for tillage (CP and NT) practices and compaction 
(WT and NWT) treatments. A series of breakthrough curves were created to observe the 
shape of the curves as well as to compare the parameters obtained from the CDE model with 
tillages and treatments. 
The CDE model proved to be a useful tool to best fit and fix the D and R parameters 
based on two different cases. Case 1 allowed to fix the pore fluid velocity (V) and the 
degradation coefficient (J.L) and to fit the dispersion coefficient (D) and the retardation factor 
(R). In Case 2, V, R and J.l were fixed and D was the only parameter fit. The purpose for 
doing the fit and fix process was to determine these parameters using the observe data. It is 
recommended in this study to use Case 1 to fit of the observe data. The results of this study 
were analyzed by using SAS program Version 8.02 for GLM, LSM, and Bonferoni multiple 
comparison methods. 
Conclusions 
The conclusions made from a field experiment from a long-term soybean crop 
rotation comparing tillage (CP and NT) practices and compaction (WT and NWT) treatments 
by applying vertical saturated hydraulic conductivity (Ks) and convection-dispersion (CDE) 
model were as follows: 
1. The comparison made in saturated hydraulic conductivities between tillage practices 
showed no significant differences between tillage practices, but a significant 
difference between compaction treatments with no-wheel track having a much lower 
value ofKs; 
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2. The comparison made in CDE parameters between tillage practices showed no 
significant differences were found between the tillage practices; 
3. The comparison made in CDE parameters between no-wheel tracks treatments 
showed not significant differences between wheel track treatments; 
4. Early solute breakthrough of solutes was observed to the left of relative pore volume 
equals to 1.0, in which the breakthrough curve indicates a typical shape curve of 
structured soils under nonequilibrium conditions. In this case, sample CP-WT showed 
an early and rapid breakthrough along the soil profile due to large pores located at the 
second lower depth of the soil column; 
5. Early solute breakthrough was also observed to the left of relative pore volume equals 
to 1.0 for soil sample NT-WT along the soil profile; and 
6. In this experiment it was concluded that breakthrough curves aimed to visualize the 
early and final miscible displacement of solutes for chisel plow and no-till practices 
both with wheel track and no-wheel track treatments. 
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Table 2. Mean values of saturated hydraulic (Ks) using standard 
laboratory methods on tillage practices and compaction treatments 
Saturated Hydraulic Conductivity, Ks (cmlhr) 
Tillages Treatments 
cp(a) NT WT [b) NWT 
13.3a[c) (4.38)t 16.2a ( 4.55) 17.8a (3.30) 11.6b (2.94) 
(aJ Means for K5 are both tillage practices (CP & NT) combined (n=8} 
lbJ Means forKs are both compaction practices (WT & NWT) combined (n = 8) 
(c) Means within the same row with different letter designations are significantly different (p< 0.05) 
t Standard deviations for tillage practices with wheel and no-wheel compaction treatments 
Table 3. Means of CDE parameters comparing to two tillage practices 
Convection Dispersion Equation (CDE) 
Parameters Tillages 
D CP [cJ 89talbJ (494/ 
NT 2150a (2750) 
R CP 0.884a (0.462) 
NT 0.863a (0.385) 
v CP 38.1a (22.2) 
NT 36.2a (15.7) 
y CP 24. 7a (6.09) 
NT 46.7a (45.8) 
(a] Means for each CDE parameter are both tillage practices (CP & NT) combined (n=S} 
(bJ Means within the same column with different letter designations are significantly different 
(p< 0.05) 
(c) CP = chisel plow practice, NT = no-till practice 
t Standard deviations for tillage practices and CDE parameters 
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Table 4. Means of CDE parameters comparing to two compaction treatments 
Convection Dispersion Equation (CDE) 
CDE Parameters Treatments LaJ Mean Value 
D [c) WT [dJ 2420a [bJ (2570) t 
NWT 624a (314) 
R WT 0.968a (0.400) 
NWT 0. 778a (0.422) 
v WT 41.8a (41.8) 
NWT 32.4a (20.4) 
y WT 50.9a (42.3) 
NWT 20.6a (7 .60) 
(aJ Means for each CDE parameter are both compaction treatment (WT & NWT) combined 
(n=8) 
(bJ Means within the same column with different letter designations are significantly different 
(p< 0.05) 
(cJ D = dispersion coefficient, R = retardation factor, V =pore fluid velocity, y = dispersivity 
[dJ WT = wheel track compaction treatment, NWT = no-wheel tract compaction treatment 
t Standard deviations for wheel and no-wheel compaction treatments and CDE parameters 
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Figure 2. Breakthrough curves using nonequilibrium convection-dispersion 
(CDE) model for a soil under chisel plow (CP) practice with wheel 
track compaction treatment 
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Figure 3. Breakthrough curves using nonequilibrium convection-dispersion 
(CDE) model for a soil under no-tillage (NT) practice and compaction 
(WT and NWT) treatments 
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CHAPTER 5. SUMMARY AND GENERAL CONCLUSIONS 
The main objective of the study was to quantify soil physical properties using two 
laboratory (STD and CT) methods for two different year studies. The quantification was 
applied to a soil under different soil managements in two different studies. Besides the soil 
properties quantification, comparisons between two laboratory (STD and CT) methods, two 
laboratory {STD and CT), and the number of macropore counts was made for 1999 and 
2001 data to observe significant effects among laboratory methods and methods to tillage 
practices and treatments. In 1999, all the methods, as well as the macropores counts, were 
compared with tillage (CP and NT) treatments, while the same methods were also compare 
using the data for the year 2001 with two tillage (CP and NT) practices and two compaction 
(WT and NWT) treatments. In addition, saturated hydraulic conductivity test and convection-
dispersion (CDE) model were performed in this study using the data collected in the year 
2001. 
Although the data presented in this study for two different soil tillage managements 
were based on a limited number of replicates, the conclusions from the study can be helpful 
in understanding the role of macroporosity been determine by high technological approaches 
such as CT method. The overall conclusions of this study are summarized in the following 
points: 
1. X-ray computerized tomography {CT) proved to be just as effective as the STD 
method in determining soil physical properties. Soil physical properties such as bulk 
density and percent porosity can be only determined if the resolution is set small 
enough to match that of standard laboratory methods; 
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2. Saturated hydraulic conductivity velocity values were typical for structured soils for 
tillage practices and wheel track compaction treatments under steady state conditions; 
and 
3. CDE allowed comparison of transport parameters and predicted solute transport early 
and final breakthrough or miscible displacement of solutes under equilibrium 
conditions. 
Recommendations for Future Research 
The results of this study indicated the following future research needs: 
1. Improve portable slide hammer for faster collect soil samples without damaging too 
much the undisturbed conditions of the soil; 
2. Software automation of soil physical properties (bulk density and percent porosity) 
quantification for the CT method will make this method easier to use in the future; 
3. Increase the amount of replicates for each tillage practices and treatments to verify 
the outcomes obtained in this study; 
4. Software automation for the saturated hydraulic conductivity and the breakthrough 
curves tests that will make faster data collection and calculations of hydraulic and 
solute transport parameters in the future; 
5. Compare bulk density and porosity using CT methods and standard (STD) laboratory 
methods with tillage practices and compaction treatments at the same CT resolution; 
and 
6. Investigate from each on of the breakthrough curves at 0.05, 0.5, and 0.90 of relative 
(RC) concentration, the variations in relative pore volumes (RPV). 
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APPENDIX A. RAW DATA OF STANDARD LABORATORY METHODS AND 
METHODS AND MACROPORES COUNT 
Table 8A. Data collected during 1999 corn crop season by applying laboratory (STD 
and CT) methods 
Tillage Replicates Depth, em Bulk Density, glcm3 o/o Porosity o/o Macroporosity 
STD STD STD CT 
0-5.1 1.09 58.9 13.5 17.8 
CP 1 5.1-10.2 1.26 52.4 7.69 10.4 
10.2-15.3 1.30 51.2 7.23 5.30 
0-5.1 0.832 68.6 19.6 15.0 
CP 2 5.1-10.2 1.200 54.8 10.4 6.69 
10.2-15.3 1.26 52.3 9.24 3.88 
0-5.1 1.16 56.3 10.1 6.89 
CP 3 5.1-10.2 1.28 51.7 9.01 1.06 
10.2-15.3 1.32 50.28 8.12 3.62 
0-5.1 1.17 55.8 9.39 11.3 
CP 4 5.1-10.2 1.32 50.4 6.29 5.36 
10.2-15.3 1.29 51.3 7.21 8.56 
0-5.1 1.10 58.4 10.0 9.48 
NT 1 5.1-10.2 1.30 51.0 6.26 2.81 
10.2-15.3 1.37 48.2 5.43 3.78 
0-5.1 1.13 57.5 10.9 12.2 
NT 2 5.1-10.2 1.35 49.0 6.74 4.07 
10.2-15.3 1.37 48.3 6.00 2.44 
0-5.1 1.08 59.4 9.50 5.68 
NT 3 5.1-10.2 1.31 50.5 8.38 4.85 
10.2-15.3 1.37 48.4 15.0 6.75 
0-5.1 1.16 56.4 8.89 13.1 
NT 4 5.1-10.2 1.35 49.2 7.04 3.76 
10.2-15.3 1.39 47.6 6.60 1.59 
Table 9A. Soil physical property results lal for 1999 using STD laboratory methods at three sample depths 
Procedure 1 [b] Procedure 2 [c] 
p R Depth r h Vy Me Mcd Vw Macro Cup Can Mec Mwsc Mdsc GWC BD vwc Py Py Macro 
em em em cm
3 2 2 cm3 % 
CP I 0-5.1 3.81 5.00 228 23.7 44.5 20.9 9.16 
5.1-10.2 3.81 4.90 223 23.7 29.6 5.89 2.64 
10.2-15.3 3.81 4.95 226 23.7 29.6 5.92 2.62 
CP 2 0-5.1 3.81 4.95 226 23.9 33.7 9.85 4.36 
5.1-10.2 3.81 4.95 226 23.9 35.0 11.2 4.96 
10.2-15.3 3.81 4.95 226 23.8 31.9 8.15 3.61 
CP 3 0-5.1 3.81 5.00 228 23.8 34.6 10.9 4.77 
5.1-10.2 3.81 5.00 228 23.7 30.8 7.16 3.14 
10.2-15.3 3.81 4.90 223 23. 32.6 8.94 4.00 
CP 4 0-5.1 3.81 4.90 223 23.8 31.6 7.89 3.53 
5.1-10.2 3.81 4.90 223 23.6 29.4 5.78 2.59 
10.2-15.3 3.81 4.90 223 23.7 27.6 3.92 1.75 
NT I 0-5.1 3.81 4.85 221 23.3 34.1 10.8 4.88 
5.1-10.2 3.81 4.80 219 23.6 28.7 5.15 2.35 
10.2-15.3 3.81 5.05 230 23.6 28.4 4.83 2.10 
NT 2 0-5.1 3.81 4.90 223 23.6 31.1 7.51 3.36 
5.1-10.2 3.81 4.95 226 23.6 29.3 5.70 2.53 
10.2-15.3 3.81 4.90 223 23.6 27.3 3.64 1.63 
NT 3 0-5.1 3.81 4.95 223 23.6 33.4 9.78 4.33 
5.1-10.2 3.81 4.95 223 23.6 35.0 11.4 5.04 
10.2-15.3 3.81 4.95 223 23.6 35.5 12.0 5.30 
NT 4 0-5.1 3.81 4.90 223 23.9 35.5 11.7 5.22 
5.1-10.2 3.81 4.85 221 22.7 31.3 8.57 3.87 
10.2-15.3 3.81 4.95 226 23.9 31.4 7.57 3.35 
[a) Sample was obtained from continuous com plots. 
fbJ Sample saturated and then drained using a 5.1 em tension. 
[c) Sample saturated and then oven dried for 24 h. 
(d) STD= STD between methods I and 2 
P = tillage practice 
R = replicate number 
r= radius 
ld ld R 2 
I 21 49.7 392 
2 22 48.9 419 
3 23 48.9 430 
4 24 47.9 312 
5 25 50.0 408 
6 26 49.6 419 
7 27 48.5 406 
8 28 48.6 425 
9 29 48.3 428 
10 30 48.5 401 
II 31 49.3 433 
12 32 48.6 423 
13 33 49.4 389 
14 34 48.6 422 
IS 35 48.9 456 
16 36 49.1 388 
17 37 48.9 440 
18 38 48.8 440 
19 39 47.8 392 
20 40 51.3 435 
21 41 42.3 405 
1* 27 48.5 405 
2* 28 48.6 433 
3* 29 48.3 447 
H = height of column 
V T = total volume 
Me = mass of carton cup 
Vw =volume of water 
R 
298 
331 
341 
236 
320 
335 
313 
341 
343 
311 
343 
337 
293 
333 
365 
301 
354 
355 
291 
348 
351 
307 
347 
361 
Mec = mass of empty cup 
Mwsc = mass of water+soil+can 
v.IR 
0.38 
0.31 
0.30 
0.41 
0.33 
0.30 
0.35 
0.29 
0.29 
0.35 
0.31 
0.30 
0.39 
0.31 
0.29 
0.35 
0.28 
0.28 
0.42 
0.29 
0.17 
0.38 
0.29 
0.27 
2/cm3 cm3/cm3 fracdon % 
1.09 0.41 0.59 58.9 
1.26 0.40 0.52 52.4 
1.29 0.39 0.51 51.2 
STD 0.54 
0.83 0.34 0.69 68.6 
1.20 0.39 0.55 54.8 
1.26 0.38 0.52 52.3 
STD 0.54 
1.16 0.41 0.56 56.3 
1.28 0.37 0.52 51.7 
1.32 0.38 0.50 50.3 
SID 0.53 
1.17 0.41 0.56 55.8 
1.32 0.40 0.50 50.4 
1.29 0.39 0.51 51.3 
STD 0.51 
1.10 0.43 0.58 58.4 
1.30 0.41 0.51 51.0 
1.37 0.39 0.48 48.16 
STD 0.51 
1.13 0.39 0.57 57.5 
1.35 0.38 0.49 49.0 
1.37 0.38 0.48 48.3 
STD 0.51 
1.08 0.45 0.59 59.4 
1.31 0.39 0.50 50.5 
1.37 0.24 0.48 48.4 
STD 0.53 
1.16 0.44 0.56 56.4 
1.35 0.39 0.49 49.2 
1.39 0.38 0.48 47.6 
STD 0.51 
GWC = gravimetric water content 
BD = bulk density 
VWC = volumetric water content 
PT = total pore volume 
Macro = % macroporosity 
0/o 
17.7 
12.7 
11.8 
34.7 
15.7 
14.8 
15.3 
14.8 
12.2 
15.2 
9.92 
12.6 
15.0 
10.1 
8.68 
1837 
10.9 
10.3 
14.6 
1176 
24.7 
12.5 
10.1 
9.77 
Mdsc = mass of oven-dried+soil+can 
STD [dJ 
%Macro 
13.4 
7.65 
7.19 
19.5 
10.33 
9.20 
10.0 
8.97 
8.08 
9.35 
6.25 
7.17 
9.95 
6.22 
5.39 
10.8 
6.70 
5.96 
9.45 
8.34 
15.0 
8.84 
7.00 
6.56 
........ 
0 
.,J::.. 
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Table 1 OA. Raw data summary of the number of macropores 
for the two tillage practices and three sample depths 
Tillage Replication Depth, em # Macropores 
1 0-5.1 9 
CP 5.1-10.2 3 
10.2-15.3 4 
2 0-5.1 6 
CP 5.1-10.2 5 
10.2-15.3 6 
3 0-5.1 4 
CP 5.1-10.2 6 
10.2-15.3 7 
4 0-5.1 2 
CP 5.1-10.2 3 
10.2-15.3 4 
1 0-5.1 4 
NT 5.1-10.2 7 
10.2-15.3 4 
2 0-5.1 3 
NT 5.1-10.2 6 
10.2-15.3 4 
3 0-5.1 9 
NT 5.1-10.2 7 
10.2-15.3 3 
4 0-5.1 3 
NT 5.1-10.2 9 
10.2-15.3 3 
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Figure 1 OA. Plot area with specified tillage treatment. Samples 
were taken from plot numbers 3, 13, 14, 23, 24, and 35 
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APPENDIX B. RAW DATA OF STEADY STATE AND BCS (CXTFIT) PROGRAM 
PARAMETERS 
Table 6B. Example of concentrations and data 
inputs used during breakthrough curve experiment 
0.02 M Concentration 
Me= 9.81 g 
Mes= 77.0 g 
Ma= 279 g 
ECo= 3.65 ms/cm 
ECd= 1.04 ms/cm 
ECa= 4180 ms/cm 
O.OOSM Concentration 
Me= 10.0 g 
Mes= 58.0 g 
Ma= n/a g 
ECo= 1.03 ms/cm 
ECo= 1030 ms/cm 
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Table 7B. Example of sampling time data collection for steady state test 
Ts Ts Tabs Mcs Ms AMs/AT AQ/AT q Ts 
min s s g 2 g/s gls cm/s s 
0 0 0 0 0 0 0 0 0 
1 0 60 169 14.6 0.243 0.243 5.63E-03 293 
2 0 120 184 29.0 0.240 0.241 5.57E-03 295 
3 0 180 199 43.8 0.247 0.247 5.72E-03 288 
4 0 240 214 58.7 0.249 0.250 5.77E-03 285 
5 0 300 228 73.3 0.242 0.243 5.61E-03 293 
6 0 360 243 88.1 0.247 0.247 5.72E-03 288 
7 0 420 256 102.9 0.247 0.247 5.72E-03 288 
8 0 480 272 117.5 0.244 0.245 5.66E-03 291 
9 0 540 287 132.4 0.248 0.249 5.75E-03 286 
10 0 600 302 147.3 0.248 0.249 5.75E-03 286 
11 0 660 317 162.2 0.248 0.249 5.75E-03 286 
12 0 720 332 177 0.248 0.248 5.75E-03 286 
13 0 780 347 192 0.249 0.250 5.79E-03 285 
14 0 840 362 207 0.247 0.248 5.73E-03 287 
15 0 900 376 222 0.248 0.249 5.75E-03 286 
16 0 960 391 236 0.246 0.247 5.71E-03 288 
17 0 1020 406 252 0.252 0.253 5.85E-03 281 
18 0 1080 422 267 0.253 0.254 5.87E-03 280 
19 0 1140 436 282 0.247 0.247 5.72E-03 288 
20 0 1200 451 297 0.248 0.249 5.76E-03 286 
21 0 1260 466 312 0.252 0.252 5.84E-03 282 
22 0 1320 481 327 0.248 0.249 5.76E-03 286 
23 0 1380 496 341 0.247 0.247 5.72E-03 288 
24 0 1440 511 357 0.253 0.254 5.87E-03 280 
25 0 1500 526 372 0.250 0.251 5.80E-03 284 
26 0 1560 542 387 0.253 0.254 5.87E-03 280 
27 0 1620 556 402 0.247 0.247 5.72E-03 288 
28 0 1680 572 417 0.253 0.254 5.87E-03 280 
29 0 1740 586 432 0.247 0.247 5.72E-03 288 
30 0 1800 602 447 0.253 0.254 5.87E-03 280 
31 0 1860 617 462 0.253 0.254 5.87E-03 280 
32 0 1920 632 477 0.253 0.254 5.87E-03 280 
33 0 1980 647 492 0.253 0.254 5.87E-03 280 
34 0 2040 662 508 0.253 0.254 5.87E-03 280 
35 0 2100 677 522 0.247 0.247 5.72E-03 288 
36 0 2160 692 537 0.252 0.252 5.84E-03 282 
37 0 2220 707 553 0.253 0.254 5.87E-03 280 
38 0 2280 722 568 0.252 0.252 5.84E-03 282 
39 0 2340 738 583 0.252 0.252 5.84E-03 282 
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Table 78. (continued) 
Ts Ts Tabs Mcs Ms AMJAT AQ/AT q Ts 
min s s g 2 ws g/s cm/s s 
40 0 2400 753 598 0.253 0.254 5.87E-03 280 
41 0 2460 768 613 0.253 0.254 5.87E-03 280 
42 0 2520 783 628 0.247 0.247 5.72E-03 288 
43 0 2580 798 643 0.252 0.252 5.84E-03 282 
44 0 2640 813 658 0.252 0.252 5.84E-03 282 
45 0 2700 828 674 0.255 0.256 5.91E-03 278 
46 0 2760 843 689 0.252 0.252 5.84E-03 282 
47 0 2820 859 704 0.252 0.252 5.84E-03 282 
48 0 2880 874 719 0.253 0.254 5.84E-03 280 
49 0 2940 889 734 0.252 0.252 5.84E-03 282 
50 0 3000 904 749 0.253 0.254 5.87E-03 280 
51 0 3060 919 764 0.253 0.254 5.87E-03 280 
52 0 3120 934 780 0.252 0.252 5.84E-03 282 
53 0 3180 950 795 0.257 0.257 5.95E-03 276 
54 0 3240 965 810 0.253 0.254 5.87E-03 280 
55 0 3300 980 825 0.253 0.254 5.87E-03 280 
56 0 3360 995 840 0.252 0.252 5.84E-03 282 
57 0 3420 1010 856 0.253 0.254 5.87E-03 280 
58 0 3480 1026 871 0.255 0.256 5.91E-03 278 
59 0 3540 1041 886 0.253 0.254 5.87E-03 280 
60 0 3600 1056 901 0.252 0.252 5.84E-03 282 
61 0 3660 1071 916 0.252 0.252 5.84E-03 282 
62 0 3720 1087 932 0.257 0.257 5.95E-03 277 
63 0 3780 1102 947 0.253 0.254 5.87E-03 280 
64 0 3840 1117 962 0.252 0.252 5.84E-03 282 
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Table 7B. (continued) 
Ts Ts Tabs Mcs Ms AMJAT AQ/AT q Ts 
min s s 2 2 ws gls cm/s 
65 0 3900 1132 977.41 0.257 0.257 5.95E-03 277 
66 0 3960 1147 992.61 0.253 0.254 5.87E-03 280 
67 0 4020 1163 1007.81 0.253 0.254 5.87E-03 280 
68 0 4080 1193 1038.31 0.508 0.510 1.18E-02 134 
69 0 4140 1208 1053.51 0.253 0.254 5.87E-03 280 
70 0 4200 1224 1068.91 0.257 0.257 5.95E-03 277 
71 0 4260 1239 1084.11 0.253 0.254 5.87E-03 280 
72 0 4320 1254 1099.31 0.253 0.254 5.87E-03 280 
73 0 4380 1270 1114.81 0.258 0.259 5.99E-03 275 
74 0 4440 1285 1130.01 0.253 0.254 5.87E-03 280 
75 0 4500 1300 1145.41 0.257 0.257 5.95E-03 277 
76 0 4560 1315 1160.61 0.253 0.254 5.87E-03 280 
77 0 4620 1331 1175.81 0.253 0.254 5.87E-03 280 
78 0 4680 1346 1191.01 0.253 0.254 5.87E-03 280 
79 0 4740 1361 1206.21 0.253 0.254 5.87E-03 280 
80 0 4800 1376 1221.41 0.253 0.254 5.87E-03 280 
81 0 4860 1391 1236.61 0.253 0.254 5.87E-03 280 
82 0 4920 1407 1252.31 0.262 0.262 6.07E-03 271 
83 0 4980 1422 1267.51 0.253 0.254 5.87E-03 280 
84 0 5040 1438 1282.71 0.253 0.254 5.87E-03 280 
85 0 5100 1453 1297.91 0.253 0.254 5.87E-03 280 
86 0 5160 1468 1313.11 0.253 0.254 5.87E-03 280 
87 0 5220 1483 1328.31 0.253 0.254 5.87E-03 280 
88 0 5280 1498 1343.51 0.253 0.254 5.87E-03 280 
89 0 5340 1514 1358.71 0.253 0.254 5.87E-03 280 
STD Ts= 5.87E-03 280 
Table 8B. Example of relative concentration and relative pore volume determination 
Ts Ts Me Mcs Ms Qc ECd Md ECa Y2 run Full 
run 
s m:s g g g g ms/cm g ms/cm RPV RPV 
280 0:04:40 23.8 76.5 52.7 52.7 1030 76.5 1030 0.0370 0.07 
560 0:09:20 23.8 78.1 54.3 107 1160 78.1 1160 0.112 0.15 
841 0:14:01 23.9 81.7 57.8 165 465 255 1863 0.191 0.23 
1121 0:18:41 23.9 80.0. 56.1 221 769 192 2312 0.271 0.31 
1401 0:23:21 23.8 78.8 55.0 276 857 200 2746 0.345 0.39 
1681 0:28:01 23.8 77.9 54.1 330 886 207 3004 0.426 0.46 
1961 0:32:41 23.8 77.2 53.4 383 930 208 3208 0.501 0.54 
2242 0:37:22 23.7 79.6 55.9 439 971 215 3317 0.578 0.62 
2522 0:42:02 23.7 80.1 56.5 496 986 219 3418 0.657 0.70 
2802 0:46:42 23.7 80.2 56.5 552 887 250 3561 0.736 0.78 
3082 0:51:22 23.6 76.8 53.1 605 879 245 3658 0.813 0.85 
3362 0:56:02 23.5 77.1 53.6 659 920 239 3694 0.888 0.93 
3643 1:00:43 23.5 78.5 54.9 714 925 245 3733 0.965 1.00 
3923 1:05:23 23.5 80.2 56.6 770 919 256 3766 1.043 1.08 
4203 1:10:03 23.5 78.3 54.7 825 948 244 3812 1.121 1.16 
4483 1:14:43 23.5 78.1 54.6 880 959 243 3847 1.120 1.24 
4763 1:19:23 23.5 81.5 58.0 938 964 257 3876 1.28 1.32 
5044 1:24:04 23.6 78.8 55.2 993 960 248 3902 1.36 1.40 
5324 1:28:44 23.6 81.0 57.4 1050 956 258 3909 1.44 1.48 
5604 1:33:24 23.7 78.9 55.3 1110 973 246 3908 1.51 1.55 
5884 1:38:04 23.7 81.4 57.6 1160 966 257 3914 1.59 1.63 
6164 1:42:44 23.7 79.9 56.3 1220 964 253 3921 1.67 1.71 
6445 1:47:25 23.8 77.8 54.0 1270 978 241 3933 1.75 1.79 
6725 1:52:05 23.8 80.4 56.5 1330 982 251 3946 1.83 1.87 
7005 1:56:45 23.8 81.6 57.8 1390 952 263 3947 1.91 1.95 
RC 
0.0000 
0.0413 
0.2647 
0.4075 
0.5456 
0.6275 
0.6923 
0.7270 
0.7591 
0.8047 
0.8355 
0.8468 
0.8592 
0.8697 
0.8844 
0.8957 
0.9048 
0.9129 
0.9152 
0.9150 
0.9167 
0.9191 
0.9230 
0.9271 
0.9273 
s 
1.57 
R 
0.32 
_. 
_. 
N 
Table 9B. Breakthrough curves parameters determination necessary to input into the CXTFIT program 
Trial Ts Ts Me Mcs Ms Qc AQIAT q q RC v v D 
# s hr cm/s cm/s cm/s cmlhr cmlhr cmls cm2 I hr 
0 0 0 0 0 0 0 0 0 0 
1 280 0.077 23.8 76.5 52.7 52.7 0.188 4.35E-03 15.6 0.0000 30.6 0.0085 290 
2 560 0.156 23.8 78.1 54.3 107 0.194 4.48E-03 16.1 0.0413 
3 841 0.233 23.9 81.7 57.8 165 0.206 4.77E-03 17.2 0.2647 
4 1121 0.311 23.9 80.0 56.1 221 0.200 4.63E-03 16.7 0.4075 
5 1401 0.389 23.8 78.8 55.0 275 0.196 4.54E-03 16.3 0.5456 
6 1681 0.467 23.8 77.9 54.1 330 0.193 4.47E-03 16.1 0.6275 
7 1961 0.545 23.8 77.2 53.4 383 0.191 4.41E-03 15.9 0.6923 
8 2242 0.623 23.7 79.6 55.9 439 0.200 4.62E-03 16.6 0.7270 
9 2522 0.700 23.7 80.1 56.5 496 0.202 4.66E-03 16.8 0.7591 
10 2802 0.778 23.7 80.2 56.5 552 0.201 4.66E-03 16.8 0.8047 
11 3082 0.856 23.6 76.8 53.1 605 0.190 4.38£-03 15.8 0.8355 
12 3362 0.934 23.5 77.1 53.6 659 0.191 4.42£-03 15.9 0.8468 
13 3643 1.01 23.5 78.5 54.9 714 0.196 4.53£-03 16.3 0.8592 
14 3923 1.09 23.5 80.2 56.6 770 0.202 4.67£-03 16.8 0.8697 
15 4203 1.17 23.5 78.3 54.7 825 0.195 4.52E-03 16.3 0.8844 
16 4483 1.25 23.5 78.1 54.6 880 0.195 4.51E-03 16.2 0.8957 
17 4763 1.32 23.5 81.5 58.0 938 0.207 4.79E-03 17.2 0.9048 
18 5044 1.40 23.6 78.8 55.2 993 0.197 4.55E-03 16.4 0.9129 
19 5324 1.48 23.6 81.0 57.4 1050 0.205 4.74£-03 17.1 0.9152 
20 5604 1.56 23.7 78.9 55.3 1106 0.197 4.56£-03 16.4 0.9150 
21 5884 1.63 23.7 81.4 57.6 1163 0.206 4.76E-03 17.1 0.9167 
22 6164 1.71 23.7 79.9 56.3 1219 0.201 4.64£-03 16.7 0.9191 
23 6445 1.79 23.8 77.8 54.0 1273 0.193 4.46£-03 16.0 0.9230 
24 6725 1.87 23.8 80.4 56.5 1330 0.208 4.67E-03 16.8 0.9271 
25 7005 1.95 23.8 81.6 57.8 1388 0.206 4.77E-03 17.2 0.9273 
STD= 16.5 
D 
cm2 Is 
0.0807 
......... 
......... 
w 
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Table 1 OB. Example of data input used to estimate the sampling time 
Parameter Measurement Units 
Me= 155 g 
H= 6.4 em 
Dw= 1.00 g/em3 
A= 43.2 em2 
Sv= 0.54 g/g 
L= 30.5 em 
V= 712 em3 
PV= 71.2 em3 
Table llB. Example of data input used into the CXTFIT program 
CXTFIT Data Input 
R= 0.320 
S= 1.5714 
ZL= 30.20 em (measured) 
V= 30.55 emlhr 
E>v= 0.54 em3/ em3 
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APPENDIX C. RAW DATA OF SOIL PHYSICAL PROPERTIES APPLYING 
LABORATORY METHODS AND VERTICAL SATURATED HYDRAULIC 
CONDUCTIVITY AND CDE MODEL PARAMETERS 
Example calculations for laboratory methods 1, 2, and 3 
Procedure 1 (Sample saturated then drained) 
Given: 
d=7.62cm (diameter of soil across cylinder) 
h=5.00cm (height of cylinder section) 
Determine the total soil cross-sectional volume, V r 
1t 2 VT =-(d) (h) 
4 
= 1t (7.62 em) 2 (5.00 em) 
4 
=228 em 3 
Determine the volume of water, V w 
Given: 
Mc=23.7g 
Mcd =44.5 g 
Pw = 1.00 g/cm3 
Therefore; 
(total volume of soil section) 
(mass of empty collection cup) 
(mass of cup+ drainage water) 
(density ofwater at room temperature, 21 °C) 
y = (Med -Me)= <44·52 - 23·67)g (Volume ofwater) 
w Pw 0.998~ 
em 
= 20.9 cm3 
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M (%) = Vw (100)= 20.89 cml (100) 
water VT 228.02 cml 
=9.16% (sample saturated and then drained) 
Example calculations for laboratory methods 1, 2, and 3 (continued) 
Procedure 2: (Sample saturated then oven-dried for 24 hr) 
Given: 
VT =228 cm3 (total soil volume) 
Mec = 49.7 g (mass of empty can) 
Mwsc = 392 g (mass of water+ soil+ can) 
Mdsc = 298 g (mass of oven-dried soil [105°C for 24 hrs] +can) 
Determine the gravimetric water content, G WC 
GWC = (Mwsc - Mdsc) 
(Mdsc -Mec) 
= (391.63- 297.87)g 
(297.87 -49.69)g 
= 0.378 g-water/ g-soil (fraction) 
Determine soil bulk density, Pb 
= (Mdsc -Mec) 
VT 
= 1.09 g/cm3 
(297.97 -49.69)g 
228.02cm3 
Determine volumetric water content, VWC ( Bv) 
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[ 
g l 1.09-3 VWC = GWC x [ph]= 0.378 x e~
Pw 1.00-3 em 
(Sv or fraction of micropores volume) 
Determine fraction of total porosity, PrJ 
Given: 
pp = 2.65 g/cm3 (assumed) 
Determine the total fraction of total porosity, PTJ 
PTr = 1- [~:] 
= 1 _ em [ 1.09~] g 2.65-3 
em 
=0.589 (fraction of total porosity) 
Determine percent macroporosity for air-effect on pores, M (%) 
Mair (%) = (PTr- VWC) (100) 
= (0.59- 0.41) (100) 
=17.7% (sample saturated then oven-dried) 
Procedure 3 (STD between Methods 1 and 2) 
Determine the STD percent macroporosity, M (%) 
% Mair = sample saturated and then drained using a 5.1 em tension 
% Mwater = sample saturated and then oven dried for 24 hr 
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[
%M. +%M )] M (%) = atr 
2 
water 
= 13.4% (STD from methods 1 and 2) 
Saturated Hydraulic Conductivity (Ks) Calculations 
Determine the mass of solution (Ms) collected in plastic cylinder 
Mcs = 168.89 g 
Me= 154.76 g 
Therefore; 
Msc = {Mes- Me)= {168.89g- 154.76g) = 14.13g 
Determine the change in head ( L1H) 
L = 30.48 em (measured) 
H = 6.40 em (measured) 
Therefore; 
MI = L + H = 30.48 em+ 6.40 em = 36.88 em 
Determine the change mass rate ( Mf/ .t1T) 
Tt =Os 
Mst =0.00 g 
Therefore; 
~Ms (Ms2- Msl) (14.13g- Og) 
-- = = 0.236 g/s 
~T {T2 -T1) (60s-Os) 
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Determine the change in mass flow ( L1Q/ L11) 
Pw = 1.00 g/em3 
.!\M 
__ s = 0.236 g/s 
L\T 
Therefore; 
L\Q L\M 0.236 ~ 
-= L\T = sg =0.236em3/s 
L\T Pw 0.99758-3 em 
Determine the saturated hydraulic conductivity (KJ 
L= 30.48 em 
A= 43.23 em2 
Llli = 36.88 em 
Therefore; 
3 0.236 em x 30.48em 
s 2 4.513 x 10-
3 em/s (value for the first 2 minutes) 
43.23em x 36.88em 
Note: Figure X shows steady-state conditions after 80 minutes at the end of the test (units were convert from 
seconds to minutes). 
Steady-State Example Calculations 
Determine total volume (V r) 
Given: 
VWC = 0.54 cm3 -soil I cm3 -water (9v compute) 
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Pw = 1.00 g I cm3 (at Temp.= 21 °C) 
di = 7.42 em (internal plexiglass cylinder diameter) 
A= 43.2 cm2 (cross-sectional area of cylinder) 
L = 30.4 em (length of soil column) 
Therefore; 
VT =AxLx9v 
= 43.23 cm2 x 30.42 em x 0.54 
= 712 cm3 
Determine the 0.1 pore volume (PV) 
PV = 0.1 x 711.56 cm3 
= 71.2 cm3 
= 71.2 g = 71.2 cm3 (assuming: 1.0 cm3 = 1.0 g-water) 
Determine the sampling time (Ts) 
Ts= 1 min 
Ts = 0 s (read at unit) 
Tabs= I min 60.8 + 0 s = 60 s (absolute time) 
lmtn 
Determine the mass of the solution collected every minute Ms 
Mcs = 169 g (measured during the experiment) 
Me= 154.8 g (mass of cup) 
Therefore; 
Ms = 154.79 g- 169.35g = 14.6 g 
Determine the change in mass rate (AM I Ll1) 
Ms2 = 14.6 g 
121 
Mst =0 g 
Tabs2 =60S 
Tabsl = 0 S 
Therefore; 
~M (M -M ) 
__ s = s2 sl = (14·56g-Og) = 0.243 g/s = 0.243 cm31s 
~ T (T abs2 -Tabs 1) (60s- Os) 
Determine the change in flow rate ( LlQ I LlT) 
pw = 1.0 g I cm3 (at Temp.= 21 °C) 
Therefore; 
~Ms g 
L\Q- ~T - 0.243s 0.243 g/s = 0.243 cm31s 
L\T- p;-- 1.0~ 
em 
Determine the flux ( q) 
~Q = 0.243 g/s = 0.243 cm3 Is 
~T 
A =43.23 cm2 
Therefore; 
llQ 0.243 cm3 
q = ~= s = 5.627 x 10·3 cm/s 
A 43.23cm2 
Determine the steady-state sampling time (Ts) 
PV = 71.16 cm3 (0.1 fraction oftotal pore volume) 
q = 5.627 X 10-3 cm/s 
A =43.23 cm2 
122 
PV 71.16cm3 
Ts = -- = ----------
5.627xl0-3 c~ x43.23cm2 qxA 
= 292.51s (time for solution to comes to steady-state at 1min) 
........................................................................................ 
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0+--------~-------~---------~---------~---------~----
0 1000 2000 3000 4000 5000 
Absolute Time (s) 
Figure 3C. Steady state test for a CP soil sample 
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Dilution Example Calculations 
Solution preparation of CaCh 
Molarity (M) = 0.005 M (or 0.02M) 
#Liters= 2 Liters 
Chemical Reaction: CaCh = Ca (g/mole) + Ch (g/mole) = Ca + 2Cl 
Total Molecular weight= Ca (40.08 g/mole) + 2Cl (70.9 g/mole) = 11.0 g/mole 
Determine the# of moles, m 
M = 0.005 M (or 0.02M) 
#Liters= 2 Liters 
M I . (M) moles of solute o anty = -----
liters of solution 
Thus, 
Moles of solute = M x liters of solution 
= 0.005M x 2 Liters 
= 0.010 moles 
Determine the amount of CaCh needed forKs and BC tests 
Amount of CaCh (g) = moles of solute x total molecular weight 
= 0.010 moles x 110.98 g/mole 
= .l.J.Lg (amount to add in 2 Liters of known container full of water) 
124 
Electro Conductivity Example Calculations 
Concentrations: 0.005M and 0.02M 
Initial conditions: 
0.02M 0.005M 
Ma = 278.41 g (mass recorded before dilute) 
Me = 9.81 g (measured) Me= 10.0 g (measured) 
Mes = 76.96 g (measured) Mes = 58.0 g (measured) 
M* d = 279.42 g (mass after dilution) ECo = 1.03 ms/cm (measured) 
ECo = 3.65 ms/cm (value> 1.0 measured) EC0 = 1030 J.lS/cm (conversion) 
ECd = 1.04 ms/cm (measured after diluted M* d) 
EC* a = 4180 J.lS/cm (compute) 
Determine the mass to add *Md applying 0.02M solution 
Given: 
Mes = 76.96 g 
Me= 9.81g 
Factor= 3.0 (3: 1 ratio that depends on ECa as the target) 
Therefore; 
Mass to add, M* d = (Mes - Me) x Factor+ Mcs 
= (76.96 g- 9.81 g) X 3.0 + 76.96 g 
= 278.41 g (water to add to dilute at 0.002M) 
= 279.42 g (mass of water diluted for 0.02M solution recorded by scale) 
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Determine actual electro conductivity (EC* a) for 0. 02M solution 
Given: 
Mc=9.81 g 
Mcs = 76.96 g 
ECd = 1.04 ms/cm 
Therefore; 
= (279.42g-9.81g) x l.04 ms (76.96g-9.81g) em 
= 4.1756 ms/cm 
= 4180 gS/cm (actual value of electro conductivity for 0.02M) 
Note: Electro conductivity conversions: 1 ms = 1 x 10 -J siemens, 1 J.lffi = 1 x 10-6 seconds 
126 
Breakthrough Curves Example Calculations 
Determine the STD relative pore volume (RPVavd at the middle of the process 
RPVt=O 
RPV2 = 0.074 (breakthrough for the entire process) 
= (0+0.074) 
2 
= 0.0370 (breakthrough for halfway of the process) 
Determine the relative concentration (RC) 
ECai = 1030 J.tS/cm (i is for an individual reading) 
ECoo.oos = 1030 J.lS/cm 
ECao.o2 = 4176 J.lS/cm 
Therefore; 
(EC . - EC ) J.tS J.tS 
Rei 
__ a1i o0.005 (1 030- -1030-) 
= em em 
(EC -EC ) J.LS J.tS 
a0.02 o0.005 (4176--1030-) 
em em 
= 0.00 (value for an "i" individual reading) 
Determine the slope (S) from the breakthrough curve (BC) [XI, X2, X3, X4 are coordinates] 
x2 = 0.409 
Xt =0.280 
Therefore; 
S* = (0.629-0.409) 
(0.420- 0.280) 
y2 = 0.629 
Yt =0.420 
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= 1.57 (the slope value was compute at 0.5 RC) 
Determine the retardation factor (R) 
R * = 0.32 (the relative pore volume value was read at 0.5 RC) 
Note: the S and R parameters were 
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Figure 4C. Breakthrough curve for soil sample CP 1 showing values of R and S 
parameters 
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Determine the STD pore velocity (V) at the end of the experiment 
q = 16.5 cmlhr {STD at the end ofthe experiment) 
ev = 0.54 g-water/g-soil 
Therefore; 
16.50 em 
V = _i_ = hr = 30.6 cmlhr 
9v 0.54 g-wa~er 
g-sotl 
Determine the dispersion coefficient (D) 
V = 30.6 cm/hr 
ZL = 30.2 em (height of the soil) 
S = 1.57 (slope from Figure 4) 
Therefore; 
VxZL 30.55 '}; x30.20em 
D = = 290 cm2/hr (for the entire process) 
4xxS 2 4xx0.32 2 xl.5714 2 
Determine the soil dispersivity (r) 
Given: 
D = 290.36 cm2/hr 
V = 30.55 cm/hr 
Thus, 
2 
290.36 em 
y = V = hr = 9.50 em (soil has higher pore size distribution or large pores) 
D 30.55: 
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DEFINITIONS OF TERMS 
Absorotion: The drawing of a gas or liquid into the pores of a permeable solid 
(http://www.hyperdictionary.com/dictionary/absorption). 
Beam hardening effect: The process of selective removal of soft X-rays from the x-ray 
beam. As these x-rays are removed, the beam becomes progressively harder or more 
penetrating (http://www. photonics. com). 
CCD Camera: Subject matter that produces low light x-ray conversion screens. CCD 
captures the image at the x-ray converter and converts it into a standard video signal 
(http://www.photonics.com). 
Center of Rotation: Subject matter used to get cross-section sample images from the image 
reconstruction program. It depends on the position of the rotation axis 
(http://www. photonics. com). 
Collimation: A process by which a divergent beam of radiation or particles is converted into 
a parallel beam (http://www.photonics.com). 
Computerized tomography: Subject matter employing computer processing of X-ray 
absorption or transmission data to produce an image of a cross section of an object" (USPTO, 
2001). 
Cross-section (transverse tomography): Subject matter wherein the source, object, and 
detector ofx-rays or gamma rays are arranged in such fashion that the cross section being 
imaged is other than the usual longitudinal cross section (http://www.photonics.com). 
Detector: One of various types of fluorescent screens used to detect x-ray radiation 
(http://www .photonics.com). 
Diffusion: The natural tendency of molecules to move out of areas of high concentration into 
areas of low concentration until a solution or gas has a uniform concentration of the 
molecules. 
Dispersion: The act of dispersing or diffusing something (http:/ /hyperdictionary.com). 
Fan beam: A broader shaft of light, or a collection of parallel rays 
(http://www.photonics.com). 
Filter: Device used to attenuate particular wavelengths or frequencies while passing others 
with relatively no change (http://www.photonics.com). 
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Image in tensifier: An electronic tube equipped with a light-sensitive electron emitter at one 
end and a phosphor screen at the other end. This device is used in astronomy and in military 
and surveillance systems to provide night vision (http://www.photonics.com). 
Mirror: A looking glass or a speculum; any glass or polished or smooth substance, as water, 
that forms images by the reflection of rays of light (http://www.photonics.com). 
Miscible displacement: Capable ofbeing mixed; mixable, capable of mixing 
(http://www.hyperdictionary.com). 
Monitor: Electronic device that accepts video signals from a computer that displays 
information on a screen (http://www.photonics.com). 
Objective lens: Collects all avai lab le light and foc uses it on the image intensifier. It also 
provides image magnification. The best objective lenses have low magnification (5x or less), 
are high-speed (£2 or faster) and are coated for maximum efficiency in the near-infrared 
bandwidth (http://www.photonics.com). 
Pixel: The smallest image-fom1ing unit of a computer video display 
(http://www.photonics.com). 
Pixel size: Physical dimension of a single pixel of the detector (http://www.photonics.com). 
Phosphor: Subject matter that has the ability to convert into light emission a portion of 
energy lost by ionization when a charged particle passes through the material 
(http://www.photonics.com). 
Platfom1 positioner: Subject matter that sustains the object under examination against 
gravity in a selected orientation relative to the x-ray source or detector or means for 
indicating or monitoring the position of the object relative to the apparatus 
(http://www.photonics.com). 
Reconstruction: Subject dependent on PC Windows program able to generate cross-section 
image of a sample. "We can estimate the COR solely by personal judgment which may vary 
I pixel from person to person." (Zhang, 2003) 
Region of Interest: Subject matter in which image processing operations are performed on 
one area of an image (http://www.photonics.com). 
Resolution: The clarity of an optically reproduced image. Definition is produced by the 
combination of resolution and acutance (http://www.photonics.com). 
Shutter: Subject matter that may be rapidly opened or closed to completely block or pass an 
x-ray beam (http://www.photonics.com). 
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Sorption: The process in which one substance takes up or holds another (by either 
absorption or adsorption) (http://www.hyperdictionary.com). 
Step size: The rotational motion applied on the platform positioner during x-ray scanning. A 
positioning system and position controller board controls the rotational motion of the sample 
platform position (http://www.photonics.com). 
Tomography: Subject matter that produces an image of a cross section of an object 
(http://www.photonics.com). 
Voxel- an element within a three-dimensional data set image (http://www.photonics.com). 
X-Ray Converter: Subject matter that converts incident x-ray intensity to an optical image 
(http://www.photonics.com). 
X-Ray Tube (generator): S vacuum tube designed to produce x-rays copiously. It consists of 
a cathode that sends a stream of electrons in a definite direction so as to follow a target or 
anticathode from which the x-rays proceed (http://www.photonics.com). 
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